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Abstract
Spray drying is widely used in many industries, e.g. chemical, food and pharmaceutical
processing, in which the spray generation is followed by solvent/liquid evaporation
leading to a ﬁnal powder product.
As the liquid component evaporates, the droplet weight decreases. This evaporation
process is accompanied by phase change of the volatile component. For a multiphase
droplet, solid material is suspended or dissolved in the liquid phase. In such cases, it is
important to have knowledge of transport phenomena for single droplets as it pertains
to their evaporation and component distribution.
The investigation of the evaporation of single droplets is particularly applicable to the
study of spray drying and atomization. There are several different measurement tech-
niques that can be used to analyze droplets of various components such as pure liquids,
mixtures, solutions, and colloidal suspensions.
The principle of ultrasonic levitation is unique in that it allows the isolation of a sin-
gle droplet in space rather than a myriad of droplets. Having a multiphase droplet
suspended in the acoustic ﬁeld facilitates the study of the drying rate at different op-
erational parameters, and tracking the morphological changes during the course of the
drying process.
The experiments conducted in this work were performed for a single droplet or sep-
aration of two single droplets. Single droplet analysis allows for characterization of
the droplets drying rate. The multi-droplet analysis is pertinent to sound pressure level
calibration.
Understanding the sub-models for these processes is largely beneﬁcial to the advance
of modeling the overall spray drying process.
In the present work, the drying of further example systems has been studied, and a
characterization of the outer crust formed at the end of the ﬁrst drying stage is pre-
sented. These are accompanied by "quasi" 2-D model formulations for the simulation
of individual drop drying to describe the solid concentration proﬁles and the creation
of the crust at the end of the constant rate period, when the solids concentration at the
surface exceed the saturation concentration.
IX
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Zusammenfassung
Schwerpunkte der vorliegenden Arbeit, die im Rahmen des Graduiertenkollegs GRK
1114 "Optische Messtechniken für die Charakterisierung von Transportprozessen an
Grenzﬂächen" durchgeführt wurde, waren Untersuchungen über die Trocknung von
mehrphasigen Tropfen, wie sie in der Sprühtrocknung vorkommen. Dabei wurden die
Trocknungsrate und die Morphologie des getrockneten Pulvers im Detail untersucht.
Die Arbeit beinhaltet sowohl experimentelle Untersuchungen wie auch eine mathema-
tische Modellierungen der beobachteten Vorgänge.
Technische Prozesse wie das Sprühtrocknen sind weit verbreitet in der Chemischen,
Lebensmittel- oder Pharmazeutischen Industrie. Hierbei werden die Flüssigkeiten mit
gelösten Feststoffen in das Gas gesprüht. Verdunstet die ﬂüssige Komponente, ver-
ringert sich die Tropfenmasse. Dieser Verdunstungsprozess wird begleitet von einem
Phasenwechsel der ﬂüchtigen Komponente. Für einen Mehrphasentropfen wird festes
Material in einer ﬂüssigen Phase suspendiert.
In diesen Fällen ist es wichtig, die Transportphänomene der einzelnen Tropfen zeitab-
hängig zu kennen, insbesondere die Verdunstung und Verteilung der Komponenten.
ImVordergrund der experimentellen Arbeiten stand daher das Trocknen einzelner Trop-
fen in einem akustischen Levitator, der eine berührungslose Fixierung des Tropfens
ermöglicht. Aus Beobachtungen an einzelnen Tropfen könnten dann Sub-Modelle für
die Verdunstung und Verteilung der Tropfenkomponenten mit der Zeit aufgestellt wer-
den, nicht nur für reine Flüssigkeitstropfen sondern auch für komplexere Tropfen wie
Suspensionen oder Emulsionen.
In den Experimenten wurden auch zum Teil zwei getrennte Tropfen gleichzeitig im
Levitator beobachtet. Somit konnte auch der veränderliche Schalldruck online gemessen
und in der Auswertung berücksichtigt werden.
In der vorliegenden Arbeit werd die Trocknung weiterer Beispielsysteme mit unter-
sucht und die Charakterisierung der äußeren Kruste dargestellt. Hierfür wird ein "quasi"
2-D Trocknungs-Model formuliert, mit dem die Konzentrationsproﬁle und die Bildung
der Kruste am Ende der konstanten Trocknungsperiode abgebildet werden konnten.
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Chapter 1
Introduction
Spray drying is an essential unit operation widely used in many industries involving
particle formation and dry powder production. The principle step in the process of
spray drying is to generate droplets of very small size. A large surface area is created
to accomplish maximum mass and heat ﬂux and to mix the solution with drying air.
Drying may thus be deﬁned as the removal of volatile substances from a mixture that
yields a solid product (Keey, 1972). Compared to other evaporation process, spray
drying has a great advantage that products can be dried without much loss of thermal
sensitive compounds i.e. proteins or volatile compounds like aromas; this is especially
important in the production of food products such as milk powder or instant coffee
(Schuck, 2002).
The capability of spray dryers to handle different types of materials i.e. solution, slurry,
paste, gel or suspension, make it the prime industrial unit in many ﬁelds e.g. chemical,
food, polymer, ceramics and pharmaceutical processing (Mujumdar, 2006, Adhikari
et al., 2000).
Spray drying is an ideal process where the end product must comply with precise stan-
dards regarding particle size distribution, residual moisture content, bulk density and
particle morphology.
The knowledge of the drying kinetics and improvement of the basic understanding
of heat and mass transfer is very important for the optimization of spray drying de-
signs. An approach called particle engineering, which is the control of particle size
and morphology (Vehring, 2007) is becoming increasingly important in pharmaceuti-
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Figure 1.1: Sketch of typical spray dryer.
cal production and development of new products.
An example of this process is the creation of drug delivery particles absorbed by the
body through inhalation into the lungs; such particles should be low density to follow
the ﬂow streams, on the other hand, they should be large enough to deposit on the
surface i.e. porous particles. Spray drying is used in the production of such speciﬁcally
designed particles.
The entire spray process consists of multiple physical phenomena: primary atomiza-
tion, spray transport and wall interactions, as well as single droplet processes, i.e. evap-
oration and heating during spray transport. Through the stochastic nature of the atom-
ization process droplets of various sizes are formed. Because of many difﬁculties that
may be encountered during investigations of spray drying, researchers tend to split
these sub-processes into smaller research areas; however, the drying period remains
the most important step that inﬂuences the end product properties.
Since in-situ investigations inside the spray dryer are very difﬁcult to achieve, studying
and theoretically describing the entire drying process of a single droplet is of high
interest. The acoustic levitator offers a unique method in which a multiphase droplet
can be suspended in a controlled environment similar to the operational parameters in
spray drying. The observation of a single droplet upon drying enables researchers to
track all the physical and morphological changes, this is extremely difﬁcult to realize
in a bulk of droplets, i.e. in the spray dryer.
The aim of this research can be summarized as follows:
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• Design an experimental facility consisting of an acoustic levitator and other aux-
iliary units to investigate the drying of multiphase droplets.
• Implement different optical measurement techniques (CCD camera, light illumi-
nation and PIV) to measure the size of the droplets and the streaming ﬂow around
the droplet.
• Examine the evaporation of pure liquid droplets in order to characterize the ex-
perimental device, and compare the results with the existing models for the sake
of validation.
• Investigate the drying of different materials e.g. solutions or suspension to study
the drying kinetic, and developing a mathematical model to predict the drying
kinetic of such materials at various operational parameters.
Thesis outline
The thesis consists of 7 chapters, a review of the previous studies and investigations on
the experimental techniques used in the drying of single droplets. First mathematical
models on the drying kinetics were reviewed with the emphasis on the studies on single
droplet drying models.
In Chapter 3, the basic theory principle of the acoustic levitaion is presented, as well as
the characterization of the acoustic levitator to validate the evaporation of pure liquid
droplets.
In Chapter 4, the experimental results of pure liquid evaporation are studied and val-
idated with the D2-law model, further experiments of droplet evaporation attached to
glass ﬁlament are compared also to the evaporation in the acoustic ﬁeld.
In Chapter 5, the drying of single multiphase droplet is shown, different process pa-
rameters have been investigated to study their inﬂuence on the drying kinetics and the
formation of the dried particle. In Chapter 6, 1-D and 2-D models are formulated to
calculate the solid concentration proﬁles and to predicts the effect of crust formation
on the evaporation of the liquid component.
Finally, in Chapter 7, conclusions and the future perspectives are outlined.
3
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Chapter 2
Literature Review
There has been numerous studies published on both modeling and drying of single
droplets. Many experimental techniques and devices are being used to study drying ki-
netics of single droplets; they can be classiﬁed according to the drying material used i.e.
pure liquid or multiphase droplets. Wilms (2005) investigated the evaporation of multi-
component single droplet suspended by optical laser beam. However, this technique is
suitable only for transparent droplets. Droplets can be suspended by other means, such
as by a glass ﬁlament (Ranz and Marshall (1952a), Charlesworth and Marshall (1960),
Lin and Chen (2002), Chen and Lin (2004)). The droplet mass change is measured by
the deﬂection of a long, thin glass ﬁlament and a droplet up to few millimeters can be
suspended. Some disturbing effects are introduced, such as the lack of free rotation,
bubble formation or heat conducted between the droplet and the ﬁlament. Audu and
Jeffreys (1975) conduct experiments using a nozzle to ﬁx the droplet against the in-
coming air ﬂow. In these experiments, the nozzle diameter is comparable to the droplet
size, which results in a signiﬁcant inﬂuence to the ﬂow pattern around the droplet. The
large surface area contact between the nozzle and the droplet makes the heat conducted
into droplet to be substantial.
Single particle drying kinetics can also be determined by using a Falling-Drop dryer
(El-Sayed et al., 1990, Seydel et al., 2004, Vehring et al., 2007) , which is also called
a mono-dispersed dryer. This technique attempts to mimic spray drying of free falling
droplets. A hot gas stream ﬂows upwards, and normally a vibrating oriﬁce generator is
used to inject droplets into this stream. The droplet generation is capable of producing
5
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droplets of deﬁned size and spacing. The disadvantage of this technique is the possi-
bility of droplet collisions, which may inﬂuence the drying rate of each single droplet.
Furthermore, the droplets are not stationary in a lab-ﬁxed system, making measure-
ment difﬁcult. A high-speed camera is required to record images of the droplets, thus,
diameter or morphological changes can be monitored.
Suspending a droplet in a container-less device by means of an ultrasound ﬁeld has
been already implemented by many researchers. (Furuta et al., 1982, Moeser et al.,
2001, Kastner et al., 2000, Tuckermann, 2002, Yarin et al., 2002b, Schiffter, 2005,
Zaitone et al., 2006, 2008), in this technique, mechanical intrusion used to suspend the
droplet is eliminated, Kastner et al. (2000) calculated the drying kinetics in the second
drying stage. The force balance between the acoustic force and droplet weight provided
knowledge about the mass loss of the solvent. Recently, Schiffter and Lee (2007a) also
used such an ultrasonic levitator to study the drying of a pharmaceutical relevant solute.
They investigated the drying of Maltdroxin and aqueous Mannitol to investigate the
morphology of the dried particles as function of the operating parameters, temperature,
solute concentration and humidity. The acoustic levitator is used to suspend the droplets
in the upward air stream.
Spray drying techniques may produce fully ﬁlled or hollow particles, depending on the
speciﬁc operating conditions. Hollow particles provide a means to tailor the manufac-
turing of low density materials e.g. for applications in drug delivery in lungs where
they improve dispersibility and efﬁciency by lowering the aerodynamic diameter of the
particles (Vehring, 2007). Hollow particles form when the evaporation rate is sufﬁ-
ciently high i.e at high temperatures, which leads to an evaporation rate much faster
than solute diffusion inside the droplets. Therefore, a high solute concentration gra-
dient develops within the droplet, which results in the formation of hollow particles
(Eslamian et al., 2006). Lin and Gentry (2003) reported different methods that lead
to solid particle formation, such as nuclei-free environment, using materials of high
solubility, low drying rates, lower diffusivity in the solvent and higher solution viscos-
ity. For hollow particle formation, a rapid drying of solution or the decomposition of
a gaseous blowing agent trapped in the center of the particle, produces a hollow core.
Sano and Keey (1982) developed a model to predict hollow particle formation when
6
a gas bubble formed inside the droplet. Shabde et al. (2005) studied the formation
of micro-hollow particles of polymer-like material. They developed a physics-based
model of the process to determine the best or optimum operating conditions that will
produce hollow particles with desirable properties. Vehring et al. (2007) investigated
theoretically and experimentally the drying of terahols and different proteins particles.
Two dimensional values were taken into account to study the formation of solid and
hollow particles; the Peclet number and the initial saturation of the solute. Large Peclet
numbers cause an enrichment of the solute at the surface, which likely leads to shell
or skin formation, and if the evaporation rate is high enough, a hollow particle will
formed.
Attempts have been made in the last few decades to develop models and to investigate
the drying kinetics of single droplets containing either insoluble or dissolved particles
and to predict the mass change, morphology, crust formation and temperature history.
Based on such models the development and improvement of the spray drying equip-
ment, as well as the prediction and control of the end product quality, can be carried
out more rapidly and economically (Verdurmen et al., 2004). Simulations are gener-
ally based on observations from isolated droplets and assuming spherical symmetry
(Sirignano, 1999).
The drying process can be divided into two stages (Charlesworth and Marshall, 1960,
Nonhebel and Moss, 1971, Kastner et al., 2001). During the ﬁrst stage, the droplet
experiences constant rate drying, where the solvent evaporation rate form the droplet
surface is similar to an equally sized pure liquid droplet i.e follows the well-known
D2-law.
However, the presence of solid in the liquid phase will inﬂuence the properties of the
liquid surface, leading to a decrease in the evaporation rate. Often this stage is called
also the wet-bulb drying period, as the surface of the droplet tends to have constant
wet-bulb temperature, assuming constant drying conditions i.e gas velocity, humidity
and temperature (Nonhebel and Moss, 1971, Farid, 2003).
The size of the droplet will continue to decrease until the solids helps the droplet to
maintain a ﬁxed rigid shape. When this occurs the second stage of drying begins. The
second stage is called falling rate drying, the mass transfer rate changes drastically
7
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Table 2.1: Single droplet experiments (Adhikari et al., 2000, Lin and Gentry, 2003, Lin and Chen,
2002)
Investigator levitation method Drop size Temperature
Re/velocity
Materials
(Frössling,
1938)
- 0.1 - 2 mm Re= 2-1300 Distilled water
(Ranz and
Marshall,
1952a,b)
glass ﬁlament 0.6-11 mm Air at 22-85
°C, 300 cm/s
NaCl, NH4NO3
(Charlesworth
and Marshall,
1960)
glass ﬁlament 1.3-1.8 mm Air at 31-
159°C, 39-157
cm/s
Sodium sulfate, potas-
sium sulfate, ammonium
nitrate, calcium chloride,
and coffee extract
(Audu and Jef-
freys, 1975)
Nozzel 1.6 mm 1-30 mm Air at 26 -118 °C water, Sodium sulfate
(Miura et al.,
1977)
Floating droplet in
an ascending air
current
2.9-3.3 mm 7.5-9 m/s Distilled water
(Furuta et al.,
1982)
acoustic levitation 0.9-1.0 mm 0.6-1.99 m/s NH4Cl, (NH4)2SO4,
NH4NO3, and
(NH2)2CO
(Sano and
Keey, 1982)
glass ﬁlament 1.9 mm 100-160 cm/s Skim milk
(Cheong et al.,
1986)
Annealed glass, d =
80-100 mm
1.0-1.5 mm Air at 20-78 1
cm/s
Slurries of sodium sul-
fate decahydrate
(El-Sayed
et al., 1990)
Annealed glass, d =
80-100 mm
1.4-1.5 mm Air at 25-250 10
cm/s
Sucrose, maltodextrin,
coffee extract, skim milk
(Sunkel and
King, 1993)
Flexible silica capil-
lary hollow ﬁber
0.5-1.8 mm Nitrogen at 18
°C1.0 l/min
maltodextrin, coffee ex-
tract, non-fat milk
(Chen and Xie,
1997)
glass Filament 0.5-1.8 mm Air at 50-90 °C,
70 m/s
skim milk
(Kastner,
2001)
Acoustic levitator 0.5-2 mm Air at 30-70 °C,
0.0-1.4 m/s
water, Skim milk, sus-
pension of glass particles
in water
(Sckuhr, 2001) Acoustic levitator 0.5-2 mm 0.0-1.4 m/s Butylglykol
(Seydel et al.,
2004)
Vertical pipe, single
droplet generator
270-550 mm Air up to 200 °C Sodium chloride,
(NH4)2SO4
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and during it, the evaporation rate is controlled by the migration of the moisture/vapor
through solid at the surface (crust formation). This is accompanied by an increase in
droplet temperature as some of heat is utilized to heat the core of the droplet. Different
approaches divide the drying process into 4 stages (Farid, 2003) or even ﬁve stages
(Nesic and Vodnik, 1991), but all remain in the frame of the two drying stages men-
tioned earlier. Models published in the literature followed different approaches to sim-
ulate the drying of a single droplet. Charlesworth and Marshall (1960) are considered
to be the ﬁrst to focus on the drying kinetics of droplets with dissolved solids. Their
study provided a morphology chart of the droplet during its drying life time for differ-
ent solutions at different drying conditions. However the semi-theoretical model they
proposed, may not be applied to predict the time of solid phase appearance and crust
completion (Adhikari et al., 2000). However, the receding interface model they pre-
sented has been further developed by other researchers (Sano and Keey, 1982, Cheong
et al., 1986, Nesic and Vodnik, 1991). The droplet evaporation is assumed to occur at
the crust-core interface, and once the crust is formed, it is assumed to be rigid. There-
fore heat is transferred through the crust by conduction and the droplet is assumed to
have uniform temperature i.e. small Biot number. Recently Mezhericher et al. (2006)
and Dalmaz et al. (2007) proposed a theoretical model describing the drying process.
In their model they account for the heating up step at the beginning of the evaporation
process, where the Biot number is larger than one. A PDE of energy conservation for
both core and crust regions were proposed, including heat absorption by the crust and
crust resistance. Dalmaz et al. (2007) assumed a droplet that consists of a wet core
(liquid phase and solids of pre-deﬁned porosity) surrounded by a layer of liquid, and
calculated the evaporation of the liquid layer until the surface of the wet core is reached.
Here, the constant rate period is ﬁnished and the falling rate period begins, which means
evaporation of the water occurs inside the pores of the shell, where the liquid phase and
the gas phase contact each other i.e. diameter of the wet core. The evaporated water
then diffuses through the dry part of the pores into the bulk gas phase. This makes the
model inapplicable for droplets with dissolved solids i.e. salts. However both models
neglect internal circulation.
Luikov (1975) developed a unique approach to describe the drying of porous bodies
9
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based on the application of the principles of irreversible thermodynamics. According
to Luikov’s model, in the falling rate period, the drying material is divided into dry
and wet zones, each having a different moisture migration mechanism. The zones are
separated by an evaporation front, which recedes as drying proceeds. This approach has
the advantage of not requiring the assumption of any controlling mechanism of internal
moisture migration. However, the resulting set of the governing differential equations
requires the use of the experimentally determined diffusion and thermal conduction
coefﬁcients, which puts a limitation on the applicability of the model.
Jaeschke (1964) formulated an analytical model for the drying kinetics of materials
with hygroscopic properties in the second drying stage. The vapor diffusion and the
capillary ﬂuid diffusion are the controlled mechanisms. Structural changes such as
shrinkage and deforming inﬂuence these mechanisms. Therefore, it was not speciﬁc to
the drying of drops. Cai and Zhang (2003) developed an algebraic explicit analytical
solutions of drying of an inﬁnite plate of deﬁned thickness, he solved a set of partial
differential equations that describe the drying process, he assumed a one-dimensional
and unsteady process, his analytical solution is valid for the case of varying diffusion
coefﬁcient.
Brenn (2004) proposed an analytical solution for the concentration ﬁeld in multiphase
droplet as a function of time, he regarded the diffusion to be controlled only by mass
transfer and by the surface shrinkage of the drying droplet. He assumed a ﬂat temper-
ature proﬁle inside the droplet; however, he did not consider the recirculating motions
inside the droplet for mass transfer. Thus the solution is valid for cases with a linear
decrease of the droplet surface area with time, i.e., constant rate period.
Wijlhuizen et al. (1979) investigated the drying of pharmaceutical and food products,
various studies also concerned with the retention of volatile ﬂavor components, in
which the transport of water as well as the volatiles inside the liquid phase are gov-
erned by the molecular diffusion. Their model tracked the drying history of skim
milk droplet, the model accounts for two different cases, compact particle (fully liq-
uid droplet) and hollow particle (which is a consequence of drying the droplet with an
air bubble inside). They were mainly interested in the thermal degradation of phos-
phate enzymes. The temperature variation within the droplet is neglected, and further,
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by not allowing the formation of the crust, the study exhibited overestimated results
especially in the falling rate period. This work is followed by a new model (Sano and
Keey, 1982) taking into account the vapor pressure inside the droplet as the criterion to
determine the inﬂation and the rupture of particle. This model covers the ﬁrst, second
and third stages of drying, including superheating of the droplets to the boiling and
bursting point. For prediction of internal concentration proﬁles they have used the tran-
sient convective diffusion equation, including the additional term for convection due to
diffusion.
Vehring et al. (2007) studied the formation of microscale particles using monodisperse
streaming method, their experimental technique demonstrated the inﬂuence of the dry-
ing gas temperature on the ﬁnal product ( particles) morphology. Their model simpli-
ﬁed the drying process by solving the problem analytically, which has been used to
expect the total evaporation rate. Since the analytical model does not describe non-
stationary phase of drying process, and due to complexity of the particle diffusion,
solvent drying , they also consider a numerical model that takes into account the liquid
evaporation as well as the diffusion of the particle as a result of the surface regression.
Their assumption of constant evaporation rate by assuming the D2-law does not seem
adequate to follow the drying process when the crust is formed, the resistance to evap-
oration is not any more a function of the boundary gas layer but more a function of
diffusion in the crust. The introduction of a Pecelt number helps to quantify the inﬂu-
ence of both competing phenomena, which is the ratio of the diffusion coefﬁcient of
the solute and the evaporation rate of the solvent.
Frey and King (1986) model the drying of food products by a foaming technique. They
developed a simpliﬁed model to describe the drying in the constant rate period to inves-
tigate the aroma retention at the end of the drying period. The droplet contains many
small bubbles. The estimation of the effective diffusion coefﬁcient of the bubble is
important to predict the drying rate of the solvent, and by introducing Pecelt number,
they were able to simulate different cases of droplet drying and evaporation. El-Sayed
et al. (1990) studied the drying of coffee extract, skim milk and maltodextrin solutions.
Drops undergo changes in morphology, size, shape, and appearance as they dry, the
effect of different operational parameters were investigated such as air temperature and
11
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initial solute concentration. El-Sayed et al. (1990) compared the drying of droplets
suspended by glass ﬁlament versus falling drop method. They reported that droplet
morphology is inﬂuenced by the glass ﬁlament; it may promote heat transfer and bub-
ble nucleation. Those experiments were compared to a model developed by Wallack
et al. (1990). They predict the water content in drying particles, and their model is
based on the assumption of viodless sphere which neglects internal circulation.
A model-based analysis of Maltodextrin and trehalos solutions drying is presented by
Sloth et al. (2006). They found the diffusion coefﬁcient of water in Maltodextrin by
ﬁtting the model to their experimental results, however, the ﬁtting of the diffusion co-
efﬁcient D was done for one set of experiments i.e at initial concentration and drying
temperature; hence, the diffusion coefﬁcient is valid only for this set of experiments.
Ferrari et al. (1989) proposed a procedure to calculate the concentration dependence of
effective diffusivity of skimmilk droplets based on the regular regime theory (Schoe-
ber, 1976), which is applicable when concentration proﬁles and their changes become
independent of the initial solvent concentration. A correlation of the effective diffusion
coefﬁcient is valid for different process parameters, i.e temperature, solute concentra-
tion. This method, however, seems to fail at high solute concentration.
Cheong et al. (1986), applied a receding interface approach to study droplets with dis-
solved solids. They solved the energy conservation for the wet core and the dry region,
and simpliﬁed the heat transfer in the crust by a linear gradient. This contradicts the
assumed spherical geometry of the droplet; however, an effective diffusion coefﬁcient
of water vapor through the crust is assumed, which is a function of crust porosity. Farid
(2003) developed a model based on a receding interface. The main assumption of the
model was based on the resistance approach which controls the drying rate i.e. the
internal conduction and external convection heat resistances. Similarly to Kuts et al.
(1996), Farid (2003) assumed the temperature over the crust-wet core interface to be
constant and equal to that of wet-bulb temperature. This assumption is considered to
be weak, because water vapor concentration at the interface is higher than that at bulk
drying gas. Hence, interface temperature should be higher the wet-bulb temperature of
drying gas medium.
Ford (1996) presented a model based on a diffusion approach which describes the dry-
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ing of solution droplets, including the crystallization of salt in a region close to the
surface. In his model he took into account the growth of the crystals inside the droplet,
and assumed that the second drying period starts (crust formation) when the thickness
of the crystals at the surface is two times larger that the crystal size. (Lee and Law,
1991) characterize this stage when the thickness of the crust is three times the solid
particles diameter. Furuta et al. (1982) presented two models( perfect mixing model
and diffusion model) to predict crystals formation at the surface of different salt mate-
rials. Once the concentration at the surface exceeds the critical concentration, crystal-
lization begins. However, he assume that the acoustic ﬁeld doesn’t have any inﬂuence
on the transfer parameters i.e Sh and Nu numbers (Ranz and Marshall, 1952a). This
contradicts with the work presented by (Yarin et al., 1999) and (Lierke, 1995).
Experiments from Charlesworth and Marshall (1960) show that the shell formation
begins from the front stagnation point and proceeds rapidly towards the rear stagnation
point. The effect of internal circulation on the drying of multiphase droplet is not well
understood. The internal circulation enhances the mass transfer of water vapor and
shortens the drying time (Hecht and King, 2000, Sirignano, 1999).
Chung (1982), gave an estimate of the characteristic convention time inside the droplets.
By comparing it with the shell formation time, they concluded that the internal circula-
tion may play a dominant role in the shell formation.
Despite the fact that drying of single droplet received so far large interests in research,
both experimentally and numerically. Most of the experimental techniques tend to
use an intrusive methods to suspend single droplets, which has its own deﬁcits, as its
inﬂuence heat transfer and particle morphology. Beside that, it does not reﬂect the
drying of droplet in spray dryer i.e. container less suspension of droplets and free
rotation. Moreover, all models neglect the internal circulation inside the droplets, and
assumes a 1-D approach to calculate the solid concentration proﬁles. Description of
the shell formation and growth just before the second drying stage starts receives little
interest.
In the present study, an experimental work is devoted to a better understanding of single
droplet drying and to characterize the shell formation as it starts to build up. A 2-D
numerical model is formulated based on the experimental investigations to describe the
13
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accumulation of solids inside the droplet and on the surface, until the crust is formed.
This model will take into account the inﬂuence of the ﬂow along the droplet surface,
it’s drying temperature and relative humidity.
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Chapter 3
Description and Characterisation of
Experimental Facility
In this chapter, the principle and the characterization of the acoustic levitator will be
addressed, the experimental setup, mainly the acoustic levitator and other auxiliary
facilities will be illustrated; the experimental procedure and the calibration of the air
ﬂow, image acquisition and analysis will be explained.
3.1 Experimental facility
3.1.1 Acoustic levitator
The main unit of the experimental facility is the acoustic levitator, it consists of two
main parts, the transducer and the reﬂector. The transducer is attached to a piezo-
electric crystal that vibrates at an ultrasonic frequency. These vibrations travel through
the air to hit the reﬂector. Both transducer and reﬂector are aligned coaxially. Inside
the transducer, a central hole of 1 mm diameter is drilled, a syringe is then is inserted
through this hole to deliver the droplet into the acoustic ﬁeld.
The reﬂector is connected to a traverse micrometer which allows adjustment of the
distance between the transducer and the reﬂector. To achieve a stabile levitation, the
vertical distance between the reﬂector and the transducer must be a multiple of the
half wave length of the incident sound wave. The intensity of the acoustic ﬁeld is
15
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Figure 3.1: Sketch of an acoustic levitator.
controlled via a power supply unit (ultrasonic generator). The ultrasonic generator has
a standard operation frequency of 58 kHz and provides 0.65 - 5 Watt. This power
supply unit enables the resonance tuning control of the reﬂector distance at constant
transducer amplitude setting. The acoustic levitator is equipped with double-wall glass
chamber that is used to isolate the droplet in a controlled environment i:e: temperature
and humidity.
3.1.2 Humidity, temperature and air ﬂow rate units
An air ﬂow of deﬁned humidity and ﬂow rate is injected from the reﬂector. The air
ﬂow rate is calibrated to reach an optimum value which ventilates the outer acoustic
streaming without inﬂuencing the acoustic boundary layer, see §(3.3.3).
In order to conduct experiments at various humidities, the incoming air ﬂow is dried to a
CEM
LFM MFC
Cleaned and dry air flowWater flow
Controlled evaporation mixer
Figure 3.2: Controlled evaporation mixer (CEM) system from Bronkhorst (NL), CEM mix air and
water at different ratios in order to generate an air stream with desired humidity value that enters into
the process chamber.
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very low humidity 1% ±0.50. The drying unit consist of three stages. First, oil aerosols,
condensates and solid particle that may exist using a silicagel cartridge (Zander MDK
15) are ﬁltered out. Then, another drying step follows using a tube ﬁlled with MgSO4.
Finally the air is ﬁltered using a ﬁne ﬁlter(Festo) to remove any dust particles.
The air humidity is set by a controlled evaporation and mixing (CEM) unit provided by
Bronkhorst (NL). The ﬂow rate of air and water can be adjusted to achieve the desired
humidity; air ﬂow can be changed from 1-30 l/min and water ﬂow from 0.2-10 g/h.
The evaporater can reach temperatures up to 200 °C. To regulate the temperature of the
drying gas, the process chamber is heated using a heated water stream controlled by
the water heating system from (launa). Furthermore, the incoming air stream used for
ventilation is heated just before it enters the glass chamber using a system of heating
wires that surrounds the reﬂector. The energy required is regulated via a power supply
by adjusting the current and voltage of the wire.
Finally both temperature and humidity inside the process chamber are monitored before
and after each experiment using a hygrometer device(testo) with accuracy of 0.1% RH
and 0.05 °C.
Controlled
Evaporator
Mixerflow
controller
(water)
flow
controller
(air)
Lightsou
rce
CCD
Cam
era
Figure 3.3: Schematic of the experiment rig consist of the acoustic levitator, humidity and image
acquisition systems.
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Figure 3.4: Series of shadow images at different light intensities.
3.1.3 Image acquisition and analysis system
To determine the evaporation rate of the droplets, the diameter of the droplet is mea-
sured during the evaporation at deﬁned time steps. An imaging system is used to record
and analyze the images of the droplet. It consists of CCD camera (Basler A630fc) with
35 fps and 1200 x 1024 resolution, a long-distance microscope, which magniﬁes the
droplet image for better determination of the diameter, and a cold light source for back
illumination as shown in ﬁgure 3.3. The CCD camera records a series of shadow im-
ages of the meridional section of the droplet and sends them to an imaging software for
on-line analysis.
The imaging system is calibrated for the best back light illumination, as shown in ﬁg-
ure 3.4, Different back illumination shadow images are taken for a glass sphere, the
diameter is then calculated and compared with the diameter of the particle in levitation,
as depicted in ﬁgure 3.5.
In each set of experiments the magniﬁcation factor of the long-distance microscope
is measured using a high precision microscale etched on glass plate. The magniﬁ-
cation factor is then used as an input parameter in the image analysis program. An
in-house developed image acquisition and analysis software is used to store images
of the droplet. These images are then analyzed to extract the equivalent drop diam-
eter, vertical position and axis ratio. Both image analysis and image acquisition are
implemented using Matlab tool boxes.
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Figure 3.5: Glass sphere diameter calculated at different light intensities.
3.2 Principles and characterization of the acoustic levitator
3.2.1 Acoustic levitation
Acoustic levitation is a method for suspending matter in a medium by using acoustic
radiation pressure from intense sound waves in the medium . This type of levitation
is possible because of the non-linear effects of intense ultrasonic waves. Samples with
diameters of up to a few millimeters can be suspended in a gaseous carrier medium by
means of an acoustic standing wave ﬁeld.
This is useful for many investigations on single liquid droplets or solid particles under
well deﬁned environmental conditions, such as temperature, gas pressure and compo-
sition and relative humidity. Acoustic levitation has been used for several decades.
The ﬁrst droplet in a standing acoustic wave was realized by Bücks and Müller (1933).
Later King (1934) gave the theoretical description of the acoustic levitator. The devel-
opment of the acoustic levitator as a device for levitation of small objects, was mainly
carried out in the mid seventies by the American space agency and the European space
agency (Trinh et al., 1996). It has since been used as a precise spatial ﬁxation of small
samples under conditions of microgravity and it’s application can be found in material
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• Set ∆t between two acquisitions.
• Set total number of images.
• Insert the droplet into the acoustic field.
• Start image acquisition.
Image analysis
Image acquisition
• Read background image and droplet image.
• Subtract background image 
from  droplet image.
• Detect droplet contours. 
• Extract diameter, axis ratio, area 
and the center of the droplet.
• Store data.
Figure 3.6: Flow diagram of the image acquisition and image analysis program
science, space laboratory, physical and biological experiments.
However, many research areas are also interested in acoustic levitation, starting from
analytical chemistry. They work with titration of very small volumes that are sen-
sitive to any side effects or contamination from the wall (Rohling et al., 2000) and
liquid/liquid extraction (Welter and Neidhart, 1997). Tian and Apfel (1996) studied the
evaporation from 2D droplet arrays electrically charged and suspended in an acoustic
ﬁeld. Crystallization of single droplets in an acoustic levitator were studied by (Brenn
et al., 2001, Sacher and Krammer, 2005). Other applications and possibilities of the
acoustic levitator are outlined in a review article by Lierke (1996a).
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Figure 3.7: Droplet in an acoustic levitator
3.2.2 Standing acoustic wave
Sound is a disturbance or vibration that moves through a medium (air, liquids or solids)
in the form of waves. The source of sound is any object that moves or rapidly changes
shape which causes the air around the object to vibrate (Strutt et al., 1945). The concept
y
x
Figure 3.8: Standing wave propagating between two plates.
of standing waves is directly dependent on the reﬂection of sound waves. If the sound
travels between two solid parallel walls separated by a given space or distance, the
wavelength strikes the right wall and is reﬂected back towards the sound source. This
sound wave is bouncing back and forth between the parallel walls, generating the so
called standing acoustic wave. The wave number
¡!
k of both waves have the same
magnitude, but are anti-parallel, (Benenson et al., 2006).
y1(
¡!r ; t) =Acos(¡!k ¢¡!r ¡wt)
y2(
¡!r ; t) =Acos(¡¡!k ¢¡!r ¡wt)
y(¡!r ; t) =y1(¡!r ; t)+ y2(¡!r ; t) =¡2Acos(wt)cos(¡!k ¢¡!r ) (3.1)
21
3. Description and Characterisation of Experimental Facility
The effect of the sound waves resonating as depicted in ﬁg. 3.8, is a series of nodes
(minimum pressure) and anti-nodes (maximum pressure) at ﬁxed points between the
transducer and reﬂector. The distance from each node to the next, Lx, is related to the
wave length l of the ultrasonic wave, l = 2 ¢Lx. For astanding wave of length L, the
wavelengths of the standing waves are:
l =
2 ¢L
n
n= 1;2;3; ¢ ¢ ¢ (3.2)
The standing wave oscillates with frequency f . The relationship between frequency
and wave length travelling a the speed of sound c0 is:
l ¢ f = c0 (3.3)
The velocity of sound waves depends on the properties of the material or medium
through which the sound waves propagates. In the gas phase it can be described as:
c0 =
s
P ¢ k
r
=
p
k ¢R ¢T (3.4)
where r is the density of the of the gas, R is the universal gas constant, k the adiabatic
coefﬁcient, (which is 1.402 for air) , and T , P are the temperature and the pressure of
the gas respectively. The change of the sound velocity with the absolute temperature
T is the most important factor. The temperature dependency of the velocity of sound
in air in the range between -20 oC and 40 oC may be approximated linearly (Benenson
et al., 2006):
c0;air = (331:5+0:6 ¢T ) (3.5)
Many quantities are used to describe the sound wave propagating in a gas medium,
such as gas particle velocity B, which can be related to the particle displacement x for
a single plane wave of frequency f :
B= x ¢w = x (2p ¢ f ) (3.6)
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The sound pressure is characterized usually by a reference sound pressure Pre f and the
ratio is called sound pressure level SPL. It’s unit is dB, and used as a measure of sound
strength:
SPL= 20 ¢ log10
P
Pre f
(3.7)
P is the sound pressure in N=m2 and Pre f = 2 ¢10¡5N=m2.
3.2.3 Acoustic force
An object in the presence of a sound ﬁeld will experience forces associated with the
ﬁeld. An acoustic force arises from the scattering of the sound wave by the body. In
order to have an object suspended in the acoustic ﬁeld, the acoustic force should coun-
teract the gravity force i.e, weight of the object. Calculation of the acoustic radiation
force has been addressed in the literature. King (1934) calculated the force acting on a
rigid sphere by solving the linear wave equation with a scattering correction.
As depicted in ﬁg. 3.9 a droplet is levitated in the acoustic standing wave, the distance
between the reﬂector and the transducer is equal to k ¢l=2.
It’s convenient to assume the acoustic ﬁeld to be a harmonic standing wave of some
given amplitude which corresponds to the solution of wave equation for an inﬁnitely
long levitator (Yarin et al., 1998). In order to set an intense acoustic ﬁeld between the
transducer and the reﬂector, acoustic levitators works in a regime close to resonance
conditions. There are many resonance modes (Lierke, 1996a), in which the transducer
and the reﬂector are positioned far away from each other, i:e a resonance is established
when the distance L is multiple of half wave length of the acoustic wave l=2. The total
pressure perturbation at the droplet surface due to the interaction with the acoustic ﬁeld
can be divided into an incident acoustic wave, P0i and a scattered acoustic wave, P
0
s:
P0 = P0i +P
0
s (3.8)
The scattered pressure is expressed by the equation, (Yarin et al., 1998):
P0s = A0e e
¡iwtPs(r) (3.9)
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Figure 3.9: Schematic of the standing wave between the transducer and the reﬂector, piezocrystal
oscillates at frequency of 58 kH.
where r is the vector radius, Ps can be found with the help of Helmholtz equation:
DPs+
µ
w
c0
¶2
Ps = 0 (3.10)
The mathematical solution of eqn. 3.10 can be seen from King (1934) or Yarin et al.
(1998) The acoustic ﬁeld can be calculated by the boundary element method assuming
one-dimensional wave equation. With appropriate boundary conditions at the sound
source (x = 0), and the reﬂector (x = L), it can be used for mathematical description
according to Yarin et al. (1998).
¶ 2P0i
¶ t2
= c20 ¢
¶ 2P0i
¶x2
(3.11)
the corresponding boundary conditions at the transducer and the reﬂector being:
x= 0 ) P0i = A0 ¢ eiwt (sound source)
x= LR ) ¶P
0
i
¶x
= 0 (reﬂector) (3.12)
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P0i is the pressure perturbation of the incident wave, A0 its amplitude at the source
surface, w the angular frequency corresponding to the ultrasonic range, c0 the speed of
sound in air, t the time, x the vertical coordinate and i the imaginary unit. The axial
position of the pressure nodes x within the standing acoustic wave can be calculated
by:
x= LR¡ c0w ¢
³p
2
+pn
´
n= 0;1;2;3; : : : (3.13)
The solution of eqn. 3.11 and the boundary conditions eqn. 3.12 is given by:
P0i = A0e ¢ eiwt
·
tan
µ
wLx
c0
¶
sin
wx
c0
+ cos
wx
c0
¸
(3.14)
The solution of eqn. 3.14 can be approximated for the incident wave in an inﬁnite
levitator (Yarin et al., 1998, Lee et al., 1991):
P0i = A0e ¢ eiwt ¢ cos
w
c0
x; (3.15)
where A0e is the effective amplitude of the acoustic ﬁeld and is calculated by:
A0e =¡ A0cos(wLR=c0) (3.16)
The number of pressure nodes calculated from eqn. (3.15) are equal to number of
nodes calculated by 3.14, however, the position of the pressure nodes differs by about
5% (Yarin et al., 1998). Figure 3.10 shows the sketch of the incident acoustic wave, the
pressure nodes and the acoustic levitation force.
In order to calculate the acoustic force, the equation for the acoustic radiation pressure
given by Landau and Lifshitz (Kastner et al., 2001) deﬁned as:
Pa =
hP02i
2 ¢rgas ¢ c20
¡ rgas
2
hu 0 ¢u 0i
hP02i=A
2
0
2
¢ cos2
µ
w
c0
x
¶
hu 02i= A
2
0
2 ¢r2gas ¢ c20
¢ sin2
µ
w
c0
x
¶
(3.17)
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Figure 3.10: Incident acoustic wave with levitation force.
Both values hp02i andhu 02i, which is the squared acoustic gas velocity are time aver-
aged over a period longer than the wave cycle (Yarin et al., 1998) and denoted by hi.
King (1934) as well Yarin et al. (1998) calculated the resulting acoustic force from the
acoustic radiation pressure produced by a standing acoustic wave at the droplet or par-
ticle surface deﬁned by eqn. (3.9), eqn. (3.15) and eqn. (3.17), the acoustic force reads
as:
Fac = prgas ¢ r20 ¢
µ
A0
rgas
¶2
¢ sin2 (2k ¢DxD) ¢ f (W) (3.18)
with W= k ¢ r0 = (w=c0) ¢ r0 and k = (w=c0) is the wave number and DxD the distance
from the mass center of the droplets to its next upper pressure node. The function f (W)
is given by:
f (W) =
h 1
(W)3
(F0F1+G0G1)1
H20H
2
1
(W)2
¡ 2
(W)5
(F1F2+G2G2)
H20H
2
1
½
(W)2¡3 ¢
µ
1¡ rgas
rliquid
¶¾
+
¥X
n=2
(¡1)n n+1
(W)2n+
(Fn+1Fn+Gn+1Gn)
H2n+1H
1
n
©
(W)2¡n ¢ (n+2)ªi (3.19)
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The values Fi , Gi and Hi are functions of W and are deﬁned by:
Fi(W) =(W)1¡ini+1(W)+
i
(W)i
ni(W)
Gi(W) =(W)1¡i ji+1(W)+
i
(W)i
ji(W)
Hi(W) =
£
F2i W)+G
2
i (W)
¤1=2
(3.20)
The functions ji(W) and ni(W) are the spherical Bessel and Neumann-Functions, re-
spectively. Eqn. (3.20) is valid for all values of W (Yarin et al., 1998), it can be approx-
imated into a simpler form when W << 1, King (1934) and Lierke (1996b) proposed
that f (W) take the following form:
f (W) =
5
6
W
3
(2W)2
·
sin(2W)
2W
¡ cos(2W)
¸
(3.21)
3.2.4 Sound pressure level, SPL
In order to conduct experiments of evaporation and drying in the acoustic levitator,
and to compare them with evaporation/drying models, a certain knowledge about the
acoustic ﬁeld is required. Sound pressure level (SPL) has been used (see Yarin et al.,
1999, Kastner et al., 2001, Tuckermann, 2002, Rensink, 2004) as parameter to char-
acterize the strength of the acoustic ﬁeld and it’s inﬂuence on transport processes at
droplet surface, mass and heat transfer coefﬁcients, see section §3.3.
The estimation or measurement of the sound pressure level (SPL) is of great impor-
tance. As shown from eqn. (3.7), SPL is a logarithmic scale of the sound pressure to
Pre f . Many methods exist to measure the SPL. Some are direct methods, such as using
a microphone to measure the intensity of the of the acoustic ﬁeld. However, this tech-
nique is intrusive and the size of the microphone can’t be neglected as it will scattered
the acoustic waves (Tuckermann, 2002). The second method called drop out method,
is indirect. The acoustic ﬁeld, i.e. SPL, is calibrated using it’s inﬂuence on the object
(rigid sphere or droplet) suspended in the acoustic levitator (Tuckermann, 2002, Yarin
et al., 1998). In this method, sound pressure level is linked to the driving voltage of
the piezo-ceramic. The levitation force required to levitate the drop should be large
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enough to counteract the gravity force, Fdrop = p=6 ¢rd ¢D3 ¢g. The idea of this method
is simply to decrease the driving voltage until we reach the minimum acoustic force to
hold the droplet suspended and any further decrease in the driving voltage will cause
the droplet to fall down. Just at this moment, the droplet is positioned at DxDa0 = p=4W
and Fac = Fdrop, where Fac is the acoustic force, (King, 1934):
A20e =
rd ¢rg(D=2 ¢ c20)
fking(W) ¢ sin(2W ¢L) (3.22)
where L is rendered by a0 and its the distance between drop center and the pressure
antinode, as depicted in ﬁg. 3.10, L= p4¢W at dropout and the amplitude of sound wave
can be calculated:
A20em =
4
3
rdrop ¢rg(ddrop=2 ¢ c20)
fking(W)
(3.23)
In the dropout method the object is assumed to be spherical, i.e. the drop deformation
is neglected. In order to get pressure amplitude at dropout, it must be assumed that
the driving voltage is varying linearly with oscillation amplitude (Yarin et al., 1998,
Tuckermann, 2002, Lierke, 1996b):
A0e = Aem
U0
U0m
(3.24)
where Aem;U0m are the pressure amplitude and driving voltage at drop out respectively.
However, applying this method to the acoustic levitator with 58kH working frequency
in the present study was not possible since the minimum of the driving voltage is limited
and the minimum driving voltage was still be large enough to keep the droplet levitated.
The third method is to estimate of SPL by taking into account the drop shape defor-
mation (Yarin et al., 1998). The forces acting on the droplet are the capillary force,
hydrostatic force and acoustic force. The shape of the droplet results from the equilib-
rium between these forces. The pressure at drop surface is:
Pdrop;sur f ace = Ph;air+Pa¡a ¢k (3.25)
where a is the surface tension and k is the surface curvature. The algorithm for calcu-
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lating sound pressure level is explained by (Yarin et al., 1998).
The effective sound pressure level(SPLe f f ective) using the correlation of YPT (Yarin
et al., 1998) is deﬁned as:
SPLe f f ective = 20 ¢ log(A0e)+74 (3.26)
where A0e is the effective sound wave amplitude in dyn=cm2. The sound pressure level
at the sound source corresponding to the amplitude of the sound source is :
SPL= SPLe f f ective+20 ¢ log
h
¡ cos(w ¢LR=c0)
i
(3.27)
3.3 Interaction of the acoustic ﬁeld with levitated droplet
Levitation of single droplet ( pure liquid or multiphase) in the acoustic ﬁeld occurs
because the acoustic force is counteracting the gravity force, i.e., droplet’s weight. The
acoustic ﬁeld will inﬂuence the droplet i.e. deformation of the droplet. Moreover, the
interaction of the standing acoustic wave with the droplet will induce a secondary ﬂow
around surrounds the droplet (Yarin et al., 1998). In order to study the drying kinetics
of single droplets those inﬂuences have to be understood. (Yarin et al., 1998), (Kastner
et al., 2001) and (Rensink, 2004).
3.3.1 Inﬂuence of droplet volume on the strength of the ultrasonic ﬁeld
Droplet evaporation results in volume decrease, a levitated droplet will be deformed
to an ellipsoidal shape due to the difference of radial and axial forces acting on the
droplet. As the evaporation continues the droplet shape tends to converge to spherical
i.e. the aspect ratio approaches unity. Aspect ratio is deﬁned here as the ratio between
the horizontal to vertical axis of the drop. Experiments of pure liquid evaporation in
an acoustic levitator as depicted in ﬁg. 3.11 show that the sound pressure level, SPL,
increases during droplet evaporation. This is explained by the theoretical prediction
(Yarin et al., 1999, Trinh and Hsu, 1986). A large deformed droplet in acoustic ﬁeld
results in a resonance shift caused by the scattering from the droplet surface. Typical
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Figure 3.11: Computed evolution of the effective SPL during the evaporation process of drops of
water and methanol in the acoustic ﬁeld.(Zaitone et al., 2006)
results are plotted in ﬁg. 3.11 for water and methanol droplets of 2.5 ml initial volume.
It shows that the SPL increases as the water droplet volume decreases, The SPL is
deduced directly from the droplet shape, which results from the equilibrium between
the capillary force and the acoustic force. Due to the high water density of water when
compared to methanol, a higher SPL is generally required for levitation.
3.3.2 Droplet weight inﬂuence on the vertical position
In order to suspend a droplet in a standing acoustic wave the acoustic force must be
equivalent or larger than the gravity forces i.e. the droplet weight. The droplet is located
at equilibrium position below a pressure node in the ultrasonic ﬁeld. Any increase in
SPL values as a result of the droplet evaporation cause the droplet to locate at a new
position relative to the adjacent acoustic pressure node.
As the droplet volume decreases, the droplet will get closer to the pressure node. In
special cases when the droplet volume stay constant i.e. drying of multiphase droplet
(see ﬁg. 3.12 b), the rise of the center of mass of the droplet will be used to deduce the
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amount of solvent evaporated from the droplet.
4
3
p ¢ r30 ¢rd ¢g= prgas ¢ r20 ¢
µ
A0e
rgas ¢ c0
¶2
¢ sin(2 ¢ k ¢DxD) ¢ f (W) (3.28)
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Figure 3.12: Diagram illustrating the normalized surface area of a) pure liquid droplet and b) mul-
tiphase droplet (skim milk 10% initial solids concentration), the change in vertical position of the
geometric center of mass of the droplet, in case of multiphase droplet once the crust is formed the
vertical distance is only function of the mass loss of the solvent.
3.3.3 Inﬂuence of the acoustic ﬁeld on the heat and mass transfer
Introducing a droplet into the acoustic ﬁeld generates a secondary ﬂow around the lev-
itated droplets. As depicted in ﬁg. 3.13, it can be divided into inner acoustic streaming
and large scale toroidal vortices i.e. outer acoustic streaming.
The inner acoustic streaming generates an acoustic boundary layer. Yarin et al. (1999)
calculated the transfer parameters i.e. Sh and Nu numbers around a small droplet,
Yarin et.al solves the diffusion equation in the acoustic boundary layer by assuming
that the SPL is high enough, thus, inner acoustic streaming dominates free convection,
radiation is assumed to be negligible.
hShsur f i= 2 ¢Kac B(wacD)1=2
cos2q
(1+ cos2q)1=2
(3.29)
where hShsur f i is the time-averaged Sherwood number over the droplet surface, q is the
angle that starts from the stagnation point (q = 0) to the rear stagnation point (q = p).
The distribution of hShsur f i is symmetrical about the vertical axis. The coefﬁcient Kac
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Figure 3.13: Acoustic streaming ﬁeld around a levitated droplet. The inner acoustic streaming is
positioned directly at the acoustic boundary layer, whereas the outer acoustic streaming (outer toroidal
vortices) are surrounding the droplet (Yarin et al., 1999).
is a dimensionless factor depending mainly on liquid properties as well as on drop
radius, shape and properties of the acoustic wave (Yarin et al., 1999).
Kac =
2p
p
jhuacijr³R x
x2
huacir ¢dx
´1=2 ¢µ wac ¢a=c0A0e=(rair ¢ c20)
¶1=2
(3.30)
a is the volume-equivalent drop radius and is rendered dimensionless by an initial
volume-equivalent drop radius, a0, and jhuacij is averaged over the whole droplet sur-
face, r is the distance of a point on the droplet surface to the semi-minor axis set dimen-
sionless with the initial droplet radius a0. The term acoustic uac is the inner acoustic
streaming velocity and is set dimensionless with the particle velocity B. Yarin et al.
calculated uac for small spherical droplet using the approximation:
huaci= 4532
B2
wac ¢ r0 ¢ sin2q (3.31)
huaci is averaged over multiple cycles of the standing acoustic wave and q is the perime-
ter angle measured from the bottom point of the droplet. For droplets of radius much
smaller than the wave length of the standing acoustic wave Rensink (2004) and Yarin
et al. (1999) estimate huaci » 1 m=s. Therefore, inner acoustic streaming induces an
additional convective blowing; hence, the Sh number is expected to be larger according
to mass transfer considerations. In order to get the averaged Sh number eqn. (3.29) is
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δdiff
δac
Figure 3.14: Inner acoustic streaming a small sphere positioned at the pressure node of a standing
acoustic wave, as well as acoustic and diffusion boundary layer over (Yarin et al., 1999).
integrated over drop surface from q = 0 to q = p:
hShaci= Kac B(wac ¢Dg)1=2
(3.32)
Kac is changing as the droplet evaporates and should be re-calculated continuously.
For a small spherical droplet levitated directly within the pressure node of a standing
acoustic wave, Kac is approximated by Kac =
¡ 45
4p
¢1=2
= 1:89.
As depicted in ﬁg. 3.14, the inner acoustic streaming form an acoustic boundary layer
which has a thickness of order (Schlichting, 1978):
dac =
µ
2mgas
wac
¶1=2
(3.33)
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Figure 3.15: Temporal evolution of normalized surface area of water droplets at different ventilation
air ﬂow rates, initial droplet volume 2 ml.
Outer acoustic streaming and determination of the optimum ventilation ﬂow
The presence of the toroidal vortices within the vicinity of the droplet acts as a barrier
to evaporation and leads to a decrease of evaporation rate. As depicted in ﬁg. 3.13, the
outer acoustic streaming surrounding the droplets trap the solvent evaporated from the
droplet and thus changing the far ﬁeld conditions, Yarin et al. (1999) showed that an
axial air ﬂow is necessary to blow the accumulated vapor in the acoustic streaming.
Figure 3.15 shows the normalized surface evolution of the water droplet at different air
blowing ﬂow rates. Note that without any axial air ﬂow the evaporation of the droplet
deviate from the model prediction. In Yarin model, only the inﬂuence of the inner
acoustic streaming is taken into account.
As the ﬂow rate of air increases, different evaporation rates result. In order to set an
optimum air ﬂow to destroy the acoustic streaming, a larger set of experiments were
carried out. Air ﬂow rates from 0 to 2.8 l/min were explored; for larger air ﬂow rates
the radial position of the droplet is no longer stable and the droplet may jump out of
the node. For all of these measurements the evaporation rate b is determined and its
evolution as a function of the ventilation ﬂow rate can be seen in ﬁg. 3.16. Different
domains can be distinguished in the curve:
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Figure 3.16: Evaporation rate versus air ﬂow rate (water droplet of 1ml initial volume).
I. 0.4 l/min <: almost no variation of the evaporation rate can be seen.
II. 0.4 - 1.0 l/min: the evaporation rate increased signiﬁcantly.
III. 1.0 - 2.0 l/min: nearly no effect of blowing can be observed.
IV. 2.0 l/min >: the evaporation rate starts to increase again with the air ﬂow rate.
The results obtained in ﬁg. 3.16 can be explained by taking into account the inﬂu-
ence of the acoustic streaming. In zone I, the evaporation is reduced due to the vapor
enrichment of the droplet neighborhood. The vapor coming from the droplet surface
is trapped by the vortices of the outer acoustic streaming (see ﬁg. 3.13). In zone II,
the ventilation is enough to deplete the vortices and therefore the evaporation rates in-
crease strongly. The air ﬂow must be greater than 0.4 l/min to inﬂuence the surface of
the droplet. In zone III, the depletion of the vortices is completed. The mass transfer
is driven only by the inner acoustic streaming that behaves like a ’shield’ preventing
the air ﬂow to reach the droplet surface. In zone IV, the ventilation-driven convection
begins to play a signiﬁcant role in the mass transfer. One can expect that the exper-
imental data obtained in zone 3 might be described by Yarin model, which considers
an acoustically-driven mass transfer at constant ambient vapor concentration. This as-
sumption is veriﬁed by comparing the simulation results to the experimental surface
measurements for different air ﬂows as depicted in ﬁg. 3.17. Good agreement can be
noticed for ﬂow rates of 1.0 and 1.2 l/min. An experiment with methanol is carried out
for a ventilation of 1.2 l/min, i.e. in the middle of zone III. As shown in ﬁg. 3.17, the
experimental results are well predicted by the model.
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Figure 3.17: Temporal evolution of the normalized drop surface for water and methanol droplets with
an initial volume of 1:5ml, 1:1ml and initial SPL of 163.7 dB, 162.3 dB, respectively.
Visualization of the acoustic streaming
Visualizing of the acoustic streaming has been carried out by many researchers (Trinh
et al., 1996, Kastner et al., 2001); however Kastner (2001) visualized the outer acoustic
streaming around droplet in a tube acoustic levitator. The tube surrounds the droplet,
reﬂector and the transducer, and has a diameter of 12 mm and height of 30 mm.
In order to visualize acoustic streaming around a droplet levitated in an open acoustic
levitator, a continuous laser beam generated from 100 mW Nd:YAG and an arrange-
Figure 3.18: Visualization of the acoustic streaming induce by water droplet at ambient temperature
of 24 °C, an air mixed with seeding particles is illuminated by laser sheet, droplet volume 2ml.
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Figure 3.19: Visualization of the acoustic streaming induce by water droplet at ambient temperature
of 24 °C, the transducer is located below the droplet.
ment of cylindrical and spherical lens is used to generate a laser sheet of 200 mm
thickness. The laser sheet illuminates the area between the second and the third node
in the acoustic ﬁeld. A water droplet of 2 ml is inserted in the acoustic ﬁeld using a mi-
croliter syringe. The volume of the double-wall glass chamber used in our experiments
is much larger than the glass tube used by Kastner (2001). Therefore, a seeding sys-
tem consisting of pressurized air oil seedings is used to purge the glass chamber with
the seeding particles. Once the chamber is ﬁlled, the air ﬂow is turned off so that the
air ﬂow doesn’t disturb the acoustic streaming and the visualization becomes possible.
Finally, a CCD camera is set perpendicular to the laser sheet and a sequence of images
are recorded. As shown in ﬁg. 3.18, the streaming around water droplet (aspect ratio
dh=dv = 1:25) is displayed, the estimated vortex size is two times the droplet diameter.
The bright spots in droplet poles are the over-exposed pixels resulting from higher laser
intensity, the droplet will be also heated up due to the energy received from the laser
beam. It has been noticed that the acoustic streaming below the droplet was difﬁcult to
visualize at the same time with the upper acoustic streaming. Note that the transducer
is located above the droplet. Moreover, the scattering of the acoustic ﬁeld because of
the droplet and from the reﬂector surface may result in a lower intensity of the acoustic
streaming below the droplet. However, by turning the levitator upside down the acous-
tic streaming below the droplet can be visualized ( see ﬁg. 3.19). The non-symmetry of
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Figure 3.20: PIV image of the outer acoustic streaming of water droplet of 2 ml, the seeding par-
ticles are illuminated by laser sheet,ambient temperature 24 °C, velocity measured in cm/s. The
non-symmetry of the outer acoustic streaming around the droplet is due to the incoming air ﬂow that
inserted into the glass chamber to keep a constant concentration of the seeding particles.
the outer acoustic streaming around the droplet comparing to the theoretical predictions
(see ﬁg. 3.13) is due to the incoming air ﬂow that inserted into the glass chamber in
order to have a constant concentration of the seeding particles, the images of the outer
streaming can be then captured by the camera.
Previous measurements are qualitative, and further measurements have been conducted
to quantify the velocity, orientation and inﬂuence of the ventilation on the outer acoustic
streaming. Particle image velocitmetry (PIV) has been used. This is a technique where
planer laser sheet is produced by 30 mJ Nd:YAG laser of 10 ns pulsed length. The laser
beam is pulsed twice. Using a high speed and high-resolution SENSICAM camera
set perpendicular to the light sheet, images of ﬁne particles lying in the light sheet
are recorded at frequency of 30Hz, the time step between the two pulses being 150
ms. From the recorded images, the velocity magnitude and direction are extracted. As
displayed in ﬁg. 3.20, the outer acoustic streaming around a water droplet of 2 ml at a
ventilation rate of 0.0 l/min. The streaming rotates in counter clock wise manner moves
from the north pole entering the region near droplet equator and then moves outward.
Figure 3.21 shows PIV measurements at 1.00 l/min.
Based on the analysis from Yarin et al. (1999), for a droplet of 1.3 mm initial diameter
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Figure 3.21: PIV image of the of water droplet in the acoustic ﬁeld, the droplet is ventilated with an
air ﬂow rate of 1 l/min (Re = 93), the outer acoustic streaming are blown out (destroyed). velocity
measured in cm/s.
and vertical distance of 0.8 cm, the air velocity that droplet would experience if a
reﬂector with central hole of 1 mm diameter is used and a purging ﬂow of 1 l/min can
be estimated as:
Vnozzle =
V˙
p=4d2nozzle
(3.34)
where Vnozzle is the air velocity at the nozzle exit, dnozzle is diameter of the nozzle (or
hole diameter in case of reﬂector with multiholes) and V˙ if air ﬂow rate (l/min).
The air velocity at the nozzle exit will decrease along the ﬂow axis and along the
horizontal cross-section of the jet, the maximum air velocity that would experienced
by the droplet (Yarin et al., 1999):
Vdrop;max =
Vnozzle
a¤+1
(3.35)
where a¤ is deﬁned as the ratio of the vertical distance between droplet and reﬂector
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(ly) to the polar distance of the jet, which reads as:
a¤ =
23:0 ¢ ly
d2nozzleVnozzle=n0
(3.36)
For a droplet of 1.3 mm initial diameter,V˙ = 1 l=min, ly = 0:8 cm, dhole = 420 mm and
number of holes in the reﬂector is 40 holes. The air velocity Vnozzle = 300 cm=s and
hence Vdrop;max = 48 cm=s. As depicted in ﬁg. 3.21, it can be seen that the predicted
velocity by eqn. (3.35) is a good approximation. Moreover, the outer acoustic stream-
ing is destroyed, which conﬁrms the working zone obtained in ﬁg. 3.16 to conduct our
experiments.
3.4 Reﬂector geometry
The reﬂector can be of different shapes i.e. ﬂat, concave, with central hole, nozzle
or even with an array of multi-holes. The geometry of the reﬂector depends on the
application, a reﬂector with bore hole can also serve as a jet nozzle when a gas stream
is to be blown axially against the levitated sample.
A separate and exchangeable gas nozzle integrated into the reﬂector provides a better
deﬁned free jet ﬂow and, thus, allows a combination of ultrasonic and aerodynamic
levitation (Weber et al., 1993, Yarin et al., 1997).
The reﬂector with concave shape helps to reduce scattering and concentrates the acous-
tic wave when it is reﬂected back. The reﬂector geometry can be also ﬂat. Even the
degree of the curvature can play a signiﬁcant roll in creating an intense acoustic ﬁeld
(Xie and Wei, 2001, Xie et al., 2002).
To investigate the inﬂuence of reﬂector shapes on the levitation stability and also ven-
tilation efﬁciency different types of reﬂectors have been tested. As shown in ﬁg. 3.22
different shapes of reﬂectors can be used to levitate samples, however, the stability
of the levitation is increased for parabolic reﬂector as most of the acoustic wave is
reﬂected and concentrated into the transducer. Xie and Wei (2001) showed that maxi-
mum acoustic force is a function of the reﬂector shape and by modifying the reﬂector
geometry and transducer, even a sphere of heavy metals can be levitated.
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Figure 3.22: Reﬂectors of diffrent geometries, parabolic, ﬂat or reﬂector with Nozzel can be used to
levitate droplets or spheres in the acoustic ﬁeld.
The distance between reﬂector and the transducer is 1.65 cm. Within this distance, the
levitation of liquid droplet using a reﬂector with nozzle became unstable when applying
purging ﬂow from the bottom. Even for small ﬂow rate, the droplet will start to oscillate
and may jump out of the acoustic ﬁeld.
Therefore we used a reﬂector with array of annular holes, the air ﬂow coming out from
the reﬂector will surround the droplet and helps to remove the vapor form the outer
acoustic streaming.
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Chapter 4
Evaporation of Single Droplets: Pure Liquids
In this chapter, the basic principles of droplet evaporation will be addressed. The ﬁlm
theory model, the D2-Law and experimental results of evaporation in the acoustic ﬁeld
will be presented. Comparisons with model predictions as well as with droplet evapo-
ration suspend by glass ﬁlament are discussed.
4.1 Evaporation model
The evaporation of pure liquid droplets are described by simple evaporation models
based on the ﬁlm theory introduced by (Bird et al., 1960). In the ﬁlm theory, the entire
resistance to mass transfer is assumed to be equivalent to a thin, stagnant region at the
interface between the liquid and the gas phase.
As shown in ﬁg. 4.1, within the ﬁlm, heat is transported solely by diffusion towards
the droplet in exchange for mass diffusion from the evaporating droplet in the opposite
direction. The ﬁlm is surrounded by two boundaries. The outer boundary is noted with
the subscript¥ represents the conditions far away from the droplet. In ﬁg. 4.1, the dom-
inant parameters for heat and mass transfer, the temperature, T and the mass fraction,
Yc are indicated. In order to apply the ﬁlm theory concept the following assumptions
have to be considered:
I. Within the ﬁlm, thermophysical properties are supposed spatially uniform and no
chemical reactions are involved.
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Figure 4.1: Concentration/Temperature proﬁle inside a gas ﬁlm of thickness d according to the con-
cept of ﬁlm theory.
II. The pressure drop inﬂuence on the gas phase physical properties is negligible.
III. The temperature and concentration distribution are uniform along the droplet sur-
face and depend only on the distance from the surface, at x = 0, T = Tsur f ;Yc =
Ysur f and at x= d , T = T¥;Yc = Yc;¥.
IV. Inside the ﬁlm the ﬂow is laminar and all transport properties, such as the diffusion
coefﬁcient or the thermal diffusivity, are considered constant.
V. Film thickness d , is assumed to be constant along the surface and independent of
the mass transfer rate. Both dT and dc are adjusted so that the diffusion of the
species and conduction of heat inside the ﬁlm are equal to actual ﬂows exchanged
by convection between droplet and the external environment.
For a non-vaporizing droplet, the thickness thermal and diffusional ﬁlms are deﬁned
as:
dc0 =
2 ¢ rs
Sh0¡2 ; and dT0 =
2 ¢ rs
Nu0¡2 (4.1)
where Sh0 and Nu0 are Sherwood and Nusselt numbers, which are deﬁned as a non-
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dimensional heat and mass transfer coefﬁcients:
Sh=
D¶Y¶ r js
Y¥¡Ys
Nu=
D¶T¶ r js
T¥¡Ts (4.2)
Abramzon and Sirignano (1989) developed a model based on the ﬁlm theory to account
for the effect of the convective transport caused by droplet motion relative to the gas
and the effects of the blowing (Stefan ﬂow), a correction factor is introduced:
Fc =
dc
dc0
; and FT =
dT
dT0
(4.3)
Fc and FT represent the relative change of the ﬁlm thickness due to Stefan ﬂow. At the
droplet surface the liquid vapor ﬂowrate conservation equation may be written by:
m˙v = m˙vYs¡pD2rgDg ¶Yvap¶ r
¯¯¯¯
s
(4.4)
where Yvap is the mass fraction at the droplet surface which is supposed to be uniform,
substitute eqn. (4.2) in eqn. (4.4) and re-arrange:
m˙v = pDrgDgSh
µ
Yvap;s¡Yvap;¥
1¡Yvap;¥
¶
(4.5)
where BM is the Spalding mass transfer coefﬁcient:
BM =
Yvap;s¡Yvap;¥
1¡Yvap;¥ (4.6)
The basic phase equations for the conservation of mass, species and energy read as
follows (Bird et al., 1960):
d
dr
(rg ¢ r2 ¢U(r)) = 0 (4.7)
where U is the radial velocity of the gas surrounding the droplet. Integration of eqn.
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(4.7) yields:
r2rgU(r) =
m˙v
4p
= constant (4.8)
the conservation of the species(vapour) of the evporating component:
d
dr
¡
r2 ¢rg ¢Ur ¢Yvap
¢
=
d
dr
µ
r2 ¢rg ¢Dg ¢ dYvapdr
¶
(4.9)
substituting eqn. (4.7) into eqn. (4.9) and re-arranging the resulted equation gives the
following differential equation:
¡ dYvap
1¡Yvap =
m˙v
4prgDg
dr
r2
(4.10)
integrating eqn. (4.10) along the ﬁlm thickness d with boundary conditions:
Yvap = Yvap;s at r = rs
Yvap = Yvap;¥ at r = r f ;M (4.11)
ln
µ
1¡Yvap;¥
1¡Yvap;s
¶
=¡ m˙
4prgDg
µ
1
r f ;M
¡ 1
rs
¶
(4.12)
re-arrange eqn. (4.12) for m˙:
m˙v = 4pr2srgDg ln(1+BM) ¢
r f ;M
Rs(r f ;M¡ rs) (4.13)
or
m˙v = pDrgDg ln(1+BM) ¢ r f ;Mrs(r f ;M¡ rs) (4.14)
and by considering the energy ﬂux between the droplet and the surrounding gas m˙v is
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deﬁned in terms of Nu¤ and BT (Abramzon and Sirignano, 1989):
m˙v = pD
lg
Cp;F
ln(1+BT ) ¢ R f ;Trs(R f ;T ¡ rs) (4.15)
where lg andCp;F are the thermal conductivity of the gas mixture and the vapor speciﬁc
heat int the ﬁlm, respectively. BT is the spalding heat transfer coefﬁcient:
BT =
Cp;F(T¥¡Ts)
L(Ts)+ Q˙L=m˙
(4.16)
where L(Ts) is the latent heat of vaporization at temperature Ts and Q˙L is the heat
transferred into the droplet. by comparing eqn. (4.13) to eqn. (4.5):
Sh=
ln(1+BM)
BM
¢ r f ;M
(r f ;M¡ rs) (4.17)
The second term of RHS of eqn. (4.17) with the help of eqn. (4.1) and eqn. (4.3) can
be written as:
r f ;M
(r f ;M¡ rs) =
2(rs¡dc)
dc
= 2+
2 ¢ rs
Fcdc0
(4.18)
When taking into account the effect of the evaporation, the Nusselt and Sherwood
Numbers of isolated droplet can be rewritten according to Abramzon and Sirignano
(1989) in the following way:
Sh=
·
2+
Sh0¡2
F(BM)
¸
ln(1+BM)
BM
(4.19)
Nu=
·
2+
Nu0¡2
F(BT )
¸
ln(1+BT )
BT
(4.20)
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The Modiﬁed Sherwood and Nusselt numbers are deﬁned as:
Sh¤ =
·
2+
Sh0¡2
F(BM)
¸
(4.21)
Nu¤ =
·
2+
Nu0¡2
F(BT )
¸
(4.22)
F(B) is a function introduced by Abramzon and Sirignano (1989) which is a universal
function that depends on BM and BT :
F(B) = (1+B)0:7
ln(1+B)
B
(4.23)
By rewriting eqn. (4.1) for Sh¤ and Nu¤, the radii of the thermal and diffusional ﬁlm
deﬁned as:
r f ;M =
rsSh¤
Sh¤¡2
r f ;T =
rsNu¤
Nu¤¡2 (4.24)
Sh0 and Nu0 are empirical functions and deﬁned as:
Sh0 = f (Re;Sc) (4.25)
Nu0 = f (Re;Pr) (4.26)
Re, Pr and Sc are respectively the Reynolds, Prandtl and Schmidt numbers.
Heat transfer into droplet
The droplet enthalpy evolution is controlled by the variation of the heat ﬂuxes resulting
from forced convection with the surrounding gaseous environment and vaporization.
The energy balance can be written as:
QC = Qvap+QL (4.27)
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where QC is the convective heat ﬂux exchanged with the gaseous environment, QL is
the heat ﬂux entering into the liquid phase and Qvap is the heat ﬂux due to vaporization
deﬁned by:
Qvap = m˙ ¢Lv (4.28)
In this expression, the vapor ﬂow rate m˙ is of positive sign and Lv is the latent heat
of vaporization. Assuming that the temperature at the droplet surface is uniform, the
convective heat ﬂux exchanged with the surrounding gas phase at the droplet surface is
deﬁned by:
QC = As ¢hT (Tgas¡Ts) (4.29)
where hT is the convective heat transfer coefﬁcient deﬁned by:
hT =
Nulg
D
(4.30)
As is the droplet surface area and Tgas is the ambient temperature corresponding to the
gas phase temperature surrounding the droplet which characterizes the heat exchanged
between the droplet and its environment.The instantaneous vapor ﬂow rate reads :
m˙v = pDrgagBTNu (4.31)
where ag is the gas thermal diffusivity, rg is the gas density and BT is the Spalding heat
transfer number deﬁned by:
BT =
Cp;F(T¥¡Ts)
L(Ts)+QL=m˙
(4.32)
where L(Ts) is the latent heat of vaporization at temperature Ts and QL is the heat
transferred into the droplet. The comparison between the two expressions, eqn. (4.14)
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and eqn. (4.31) leads to the following non-dimensional overall energy balance:
BTNu= LeBMSh (4.33)
where Le is Lewis number deﬁned by Le= Dgag .
4.2 The D2-Law
The classical D2-law is discussed in extensive review by Faeth (1977) and Law (1982).
It predicts that the square of the droplet diameter decrease linearly with time. Few
assumptions of the D2-Law must be considered for an evaporating droplet such as:
heat and mass transfer between liquid and gas phase are diffusion controlled, spherical
symmetry, single liquid component, no Soret, Dufour, or radiation effects take place
and, ﬁnally, constant and uniform temperature (transient stage of droplet temperature
is neglected). In the previous section the mass ﬂux of vapor leaving the droplet surface
is calculated, the rate change of liquid droplet mass is expressed as follows:
m˙d = ¡dmddt
dmd
dt
= ¡rdropdVdt
= ¡rdropp6
dD3s
dt
=¡rdroppD4
dD2s
dt
(4.34)
but m˙v =¡m˙d, comparing eqn. (4.14) and eqn. (4.34):
dD2
dt
= ¡4 rgrdropDgSh¤ ln(1+BM) (4.35)
for diffusion controlled evaporation the ﬁlm thickness goes into inﬁnity, hence from
eqn. (4.1), Sh0 = 2, the modiﬁed Sherwood number Sh¤ takes the value 2 after substi-
tuting the value of Sh0 in eqn. (4.21), eqn. (4.35) becomes:
dD2
dt
=¡8 rg
rdrop
Dg ln(1+BM) (4.36)
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the integration of this equation for an initial condition D0 at t = 0 gives the well known
D2-Law that describe the temporal evolution of droplet surface of pure liquid: z
D2 = D20¡b t (4.37)
where b is the evaporation rate:
b = 8
rg
rdrop
Dg ln(1+BM) (4.38)
In addition to the evaporation rate, another important parameter in droplet evaporation
is the lifetime of the droplet, also called evaporation time tend , which can be deter-
mined from eqn. (4.37) with Dj(t = tend) = 0:
tend = D20=b (4.39)
4.3 Empirical correlations of Sherwood
and Nusselt numbers
The prediction of droplet diameter evolution by D2-Law is a classic way to model
droplet evaporation, Different empirical correlations were developed to account for
evaporation of droplet by forced convection, natural convection or even under the inﬂu-
ence of the acoustic ﬁled. These corrections are usually written in terms of a Sherwood
number that relates mass transfer from moving drop to mass transfer from a stationary
droplet, Frössling (1938) showed that for mass transfer from a drop undergoing forced
convection should vary approximately linearly with Re1=2Sc1=3.
Sh= 2+ f1Re1=2Sc1=3
Nu= 2+ f2Re1=2Pr1=3 (4.40)
To ﬁnd the constant of proportionality, many researchers have investigated the evap-
oration of drops suspended from a support in a ﬂowing air stream. Frössling (1938)
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investigates droplets with diameter up to 1.8 mm, at different air velocity. According
to his theoretical consideration Sherwood number reads:
Sh= 2+0:522Re1=2Sc1=3 (4.41)
Ranz and Marshall (1952a,b) studied the evaporation of a single droplet suspended
by glass ﬁlament varying the air ﬂow rate, temperature and the initial diameter of the
droplets. The correlation factor for forced convection is given by:
Sh= 2+0:6Re1=2Sc1=3
Nu= 2+0:6Re1=2Pr1=3 (4.42)
and for natural convection:
Sh= 2+0:6Gr1=4Sc1=3
Nu= 2+0:6Gr1=4Pr1=3 (4.43)
where Gr is Grashof number.
Yarin et al. (1999) developed new correlations for Sherwood and Nusselt number that
take into account the acoustic boundary layer surrounding a droplet levitated in the
acoustic ﬁeld. Both correlations are a function of the sound wave properties as well as
droplet size and shape. The derivation of Sh is presented in Chapter 3:
Sh = Kac
B
(wac ¢Dg)1=2
Nu = Kac
B
(wac ¢ag)1=2
(4.44)
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Figure 4.2: Temporal evolution of the surface area of water droplets suspended by glass ﬁlament,
droplets are ventilated with an air ﬂow 0.0 (diffusion controlled), 0.5 and 1.0 l/min, air ambient
temperature is 23 °C and relative humidity is 10%, diameter of the glass ﬁlament is 200 mm and
initial drop diameter D0=1.38 mm.
4.4 Evaporation of droplets suspended by glass ﬁlament
versus acoustic ﬁeld
Evaporation of water droplets suspended by glass ﬁlament have already been investi-
gated by many researchers (Ranz and Marshall, 1952a,b, Charlesworth and Marshall,
1960, Cheong et al., 1986, Lin and Chen, 2002). As depicted in ﬁg. 4.2, different ex-
periments of water droplet were suspended on the tip of thin glass rod (glass ﬁlament),
which had a diameter of 200 mm.
The tip of the glass ﬁlament was coated with wax to prevent the water droplet from
creeping up. The suspension of the drop by the tip glass ﬁlament has been done with
the help of the acoustic force. First, the droplet is levitated in the air by the help of the
acoustic force. Then the glass ﬁlament is inserted from a hole in the transducer. Once
the droplet is attached to tip, the acoustic ﬁeld is switched off. Using a CCD camera,
a series of images were recorded. Fig. 4.2 shows the evaporation of the water droplet
at 0.0 air ﬂow(diffusion controlled evaporation). As the air ﬂow rate is increased, the
evaporation is driven by convection, as it appears in the second term of RHS of eqn.
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Figure 4.3: Comparison of droplet evaporation of water in standing acoustic wave versus droplet
suspended by glass ﬁlament. Droplets are ventilated with an air ﬂow. Air ambient temperature is
23 and relative humidity of 10%, diameter of the glass ﬁlament is 200mm, (a) 0.4 l/min (diffusion
controlled), (b) 1.0 l/min, (c) 1.6 l/min and (e) 2.4 l/min.
(4.43) of Sherwood number. It can be seen that these experiments are well predicted
by the model in both cases, diffusion controlled evaporation and convection driven
evaporation.
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Figure 4.4: Evaporation of water droplet. (a) Temporal evolution of normalized surface, both exper-
iments compared with theory, controlled diffusion model and Yarin model (SPLe f f = 165.3), respec-
tively. (b) Evolution of experimental Sh number for water droplet levitated by a standing acoustic
wave, droplet initial diameter= of 1.2 mm, droplet is ventilated by an air ﬂow of 1 l/min, and evapo-
ration of droplet suspended by glass ﬁlament experiment, air ﬂow =0.0 and initial drop diameter =1.3
mm. The ambient temperature is 23 °C, air relative humidity is 10%.
Actually, the ﬁlm theory model is developed to account for high evaporation rate due
to high temperature and/or high ﬂow rate such as combustion processes (Sirignano,
1999), where in experiments conducted in the acoustic levitator the convection due to
air ﬂow can be predicted even with out applying the ﬁlm theory modiﬁcation.
The evaporation of droplets in the standing acoustic ﬁeld is driven by the convection
of the inner boundary layer, as described in chapter 3. A certain amount of air ﬂow
is required to blow out the outer acoustic streaming; hence, a comparison with the
theoretical model is possible. Fig. 4.3 displays the evaporation curves for both, drop
suspended on pin and drop levitated by the acoustic force while air ﬂow rate is varied
to scan for the whole range as depicted in ﬁg. 3.16 i.e. 0.0 to 2.4 l/min. It can be seen
that the evaporation rate for drop on pin experiment is always higher when comparing
to the acoustic ﬁeld case at the same blowing rate. This can be explained by the exis-
tence of the outer acoustic streaming which alters the far ﬁeld conditions i.e. the vapor
concentration near droplet surface. This is not the case for a drop on pin experiment.
As the air ﬂow is increased to 2.4 l/min (which corresponds to zone 4 in ﬁg. 3.16),
the air ﬂow is strong enough not only to blow out the vapor from the outer acoustic
streaming but also to destroy the inner acoustic boundary layer. Now, the evaporation
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Figure 4.5: Evaporation of ethanol droplet with initial volume of 1.6 ml in the acoustic ﬁled, droplets
are ventilated with an air ﬂow 1.0 l/min, SPLe f f ective = 162.8, air ambient temperature is 23 °C. (a)
Temporal evolution of normalized surface, (b) Temporal evolution of Sherwood number.
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Figure 4.6: Evaporation of a methanol droplet with initial volume of 1.4 ml in the acoustic ﬁled,
droplets are ventilated with an air ﬂow 1.0 l/min, SPLe f f ective = 162.6, air ambient temperature is 23
°C. (a) Temporal evolution of normalized surface, (b) Temporal evolution of Sherwood number.
in both experiments is driven by forced convection. However, the evaporation rate of
the droplet due to the inner acoustic streaming i.e. air ﬂow of 1 l/min, is higher than
evaporation by diffusion-controlled case i.e. glass ﬁlament at 0.0 l/min. As displayed
in ﬁg. 4.4, Sherwood number for acoustic driven evaporation is three times larger than
diffusion-controlled evaporation.
In ﬁgures 4.4, 4.5 and 4.6 different pure liquids, ethanol, methanol and water have been
investigated. Temporal evolution ofthe normalized surface area and the Sherwood num-
ber are depicted. The experiments are compared to Yarin theory (Yarin et al., 1999).
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Calculations are carried out at constant effective SPLe f f value, the volume and the axis
ratio of the droplet are used to calculate the effective sound pressure level base on YPT
model (Yarin et al., 1998), the constant value of the calculated Sherwood number is
due to constant SPLe f f used in the model, moreover, the value of K (as deﬁned in
Sherwood number eqn. (4.44), depends on droplet volume, sound ﬁled strength and
droplet’s shape. also it will change it’s value upon droplet evaporation (Yarin et al.,
1999), for small droplets it’s approximated by the value 1.89.
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Chapter 5
Drying of Single Droplets: Experiments
5.1 Colloid, suspension or solution
Drying of materials in food chemical and pharmaceutical industry includes different
material types, which will inﬂuence the drying behavior and the drying kinetics of such
materials, often, a mixture is a substance made by combining two or more different
materials without a chemical reaction occurring, the mixture of the solvent and the
solute is deﬁned upon the size of the particles in the liquid phase, and the degree of
solubility (Gekas, 1992). Deﬁning those type of mixture take different deﬁnition from
chemical point of view, typically there are three categories: colloids, solutions and
suspensions.
Figure 5.1: An electron microscope image of a "colloidosome," a water droplet coated in colloid
(polystyrene) beads. (Image from David Weitz research laboratory at Harvard University)
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H
2
O Solvent Solution
NaCl Solute
Figure 5.2: Schematic shows the dissolution of NaCl (solute) in water (solvent). As ions dissolve in
the water, they spread out and become surrounded by water molecules.
Colloids are homogeneous mixtures, where small solid particles are dispersed in a gas
phase, in this case it’s called an aerosol and the particle size are less than 90mm, if the
solid particle is dispersed in liquid medium such as milk of coffee, the particle size
could be in range of 1¡ 10mm, in both cases the solid particles are evenly distributed
(Fuchs, 1964).
A suspension is deﬁned as a heterogeneous ﬂuid containing solid particles, the size of
those particles is larger than in colloids. The particles will sediment some time after
their introduction into the liquid phase. Solution is a homogeneous mixture in which
the solute is dissolved in the other substance (solvent) such as salts in water.
5.2 Drying curves
Multiphase droplets exhibit upon drying, changes in many physical properties that in-
ﬂuence the product and usage of the dried material, as the solvent evaporates the surface
of the liquid recedes, until it reaches the point where the liquid must pass through the
solid particles. However, this alters droplet density, viscosity and even at higher solid
concentration a porous material emerges.
The drying procedure of a suspension drop can be divided in principle into at least two
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sections, the ﬁrst section is characterized by a volume decrease due to the evaporation
of the liquid. The droplet temperature reaches the wet bulb temperature — which
is deﬁned basically as the temperature that a bulb thermometer would measure if a
ﬂowing humid air stream passes a moist porous material (a wick) rapped around the
bulb (Felder and Rousseau, 1986), wet bulb temperature depends on the humidity and
the temperature of the air — assuming equilibrium between the wetted surface and
the surrounding gas, i.e. air, the droplet sustains it’s temperature as most of the heat
is utilized to evaporate the moisture. As depicted in ﬁg.5.3, the temperature of the
evaporated droplet is plotted versus time.
The temperature path from point A to point C represents the ﬁrst drying period. The
end of the constant rate period is also designated by reaching the critical moisture
concentration. The water moisture here, recedes inside the particle and the vapor at
the end of this stage migrates through the pores to the particle surface. In the case
of solutions the volume reduction ceases as soon as the crust is formed on the droplet
surface at the end of the ﬁrst drying section.
In the second section the volume and thus the surface of the drop/grain remains constant
and the heat applied to the particle is large enough not only to evaporate the water but
even to heat up the particles. The rise in temperature is seen in ﬁg.5.3, pointC to point
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Figure 5.3: a) Drying curve represented by the temperature change of the droplet, Farid (2003). b)
The moisture content is plotted versus drying rate. Xc is the critical moisture content where the falling
rate period starts, Mujumdar (2006).
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In the second drying period the evaporation rate determining step is the diffusion of the
vapor in the crust, thus the crust porosity and thickness have to be considered for any
model development (Mujumdar, 2006). Once the moisture concentration drops down
to the equilibrium moist content the evaporation comes to the end of the falling rate
period.
Figure 5.4 displays a set of experiments of drying of sodium sulfate aqueous solution.
Two different initial concentrations have been investigated at three different air drying
temperatures and relative humidities. It can be seen that for both initial concentrations
investigated, increasing the relative humidity results in increasing the drying time of
the droplet. For higher relative humidity values, the driving force of the vapor concen-
tration at droplet surface become smaller.
The evaporation coefﬁcient, b for each experiment at ambient air temperature of 28
°C and different values of RH are plotted in ﬁg. 5.4f, b is calculated as deﬁned by eqn.
(4.37). It can be noticed that experiments conducted with different initial concentra-
tion exhibit the similar evaporation rate at the same relative humidity, the initial solid
content determines, however the length of the constant rate period. For experiments
carried out at higher temperatures, a faster evaporation rate is observed, as depicted in
ﬁg. 5.4e. For either higher temperatures or relative humidity values, the size of the
droplet is identical when it enters the falling rate period and it depends only on the
initial solid content.
The time when the constant rate period ends and the falling rate period starts is denoted
as t f . Table 5.1 shows the values of t f recorded for each run; these values are compared
with tth which is the total time needed for a complete liquid depletion and formation
a full solid grain. tth can be calculated using a graphical method: the D2 curve in the
constant rate period is extended until it intersects with the time axis, where D2 is equal
Table 5.1: Calculated time required to evaporate water from the multiphase droplet of aqueous solu-
tion, 10% initial concentration, t f is the time at the end of the constant rate period extracted from the
drying curves.
Temperature [°C] t f [s] tth [s] (eqn. (5.1))
28 300 402.72
40 212 288.71
55 110 186.65
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Figure 5.4: Drying of sodium sulfate at different initial solid content, 5% and 10% respectively.
Drying air temperature was varied between 28, 40 and 55 °C, relative air humidity set at three different
values, 9, 39 and 60%. Droplets of 1.22 mm initial diameter. (e) and (f) show the evaporation
coefﬁcient b calculated from drying curve.
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to the diameter of a solid sphere, i.e. the volume of the solid material. An estimation
of total drying time, tth can be calculated using the following equation, (Yarin et al.,
2002b) and (Brenn, 2004):
tth =
d20
b
Ã
1¡
·
Cs0 ¢rw
rs+(rw¡rs)Cs0
¸2=3!
(5.1)
whereCs0 and rs are the initial concentration and density of solid material respectively.
The time t f for each run depends on the drying air temperature, relative humidity and
the initial solid content.
The time for the total water depletion tth is plotted versus t f for each initial concentra-
tion (Cs0, 5%, 10% and 20%). Actually, the time tth predicts the total time for liquid
evaporation assuming that evaporation will continues at the same evaporation rate i.e.
D2-law, therefore, it doesn’t represent the actual time needed to evaporate the total
amount of the liquid as it neglects the resistance of the crust to the evaporation of the
liquid . The time tth is then t f < tth < t f ;end, where t f ;end is the time at the end of the
second drying period. In the case of pure liquid evaporation t f = tth = t f ;end, ﬁg. 5.5
shows all three different times for drying of multiphase droplet.
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Figure 5.5: Predicted drying times for multiphase droplet.
The comparison between t f and tth which is depicted in ﬁg. 5.6c, represent experiments
carried out at air temperature of 40 °C.
The points correlate to a linear ﬁt with regression R¤ = 0:98. By repeating the same
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procedure for other temperatures, a linear ﬁt with slope A f (ave:) = 0:43 is obtained. A
linear relation represents tth as a function of t f can be assumed, tth = AT +A f ¢ t f . The
intersection AT is a function of the operating temperature.
The correlation between t f and tth can be used then to predict the end of the ﬁrst drying
period by knowing the evaporation coefﬁcient b and the initial concentration. This can
then facilitate the modeling of the full drying time as it occurs in industrial operations.
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Figure 5.6: Predicted time at the end of the constant rate period t f plotted for a) different drying gas
temperatures and b) different drying relative humidities. c) t f is plotted versus tth for different initial
solid concentrations, experiments conducted at 40 °C.
The comparison of initial solid concentrations at a drying air temperature of 28 °C and
a relative humidity of 9%, are displayed in ﬁg. 5.7. The evaporation rate of each run
in the constant rate period are almost equivalent. The constant rate period; however, is
shortened for higher concentration as the shell builds up earlier.
The evaporation rate, dmdt in the ﬁrst period can be calculated from the diameter evolu-
65
5. Drying of Single Droplets: Experiments
0 100 200 300 400 500 600 700 800
0.2
0.4
0.6
0.8
1.0
Na
2
SO
4
 C
S0
= 5%
 C
S0
= 10%
 C
S0
= 20%
(D
/D
0)2
time [s]
Figure 5.7: Drying of Na2SO4 aqueous solution (Cs0: 5%, 10% and 20%) at ambient air temperature
of 28 °Cand RH=9%.
tion assuming wet bulb temperature and known liquid properties:µ
dm
dt
¶
const
=¡DV
Dt
(5.2)
where DV is the volume change of the droplet extracted from the meridian cross section
of the droplet. As the falling rate period begins the diameter does not change; however,
as the evaporation continues, the evolution of the vertical position of the droplet in
the acoustic ﬁeld will be used to calculate the drying rate in this period, as mentioned
in chapter 3. For a constant volume, the change of droplet density due to solvent
evaporation will reduce the droplet weight. The droplet then rises closer to the nearest
pressure node above it’s equator.
By monitoring the vertical evolution of the droplet position in the acoustic ﬁled infor-
mation about the mass transfer rate can be found. As depicted in ﬁg. 5.8, the vertical
position of the droplet shows a sharp change in the slope. At the end of linear part,
when the vertical position and the volume is constant, the droplet is assumed to be to-
tally dried. Once the droplet enters the falling rate period, experimental investigations
(Kastner, 2001) have shown that the change in vertical position is a result of the density
change of the droplet; the SPL value does not change as the droplet stays at constant
volume and shape.
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5.2 Drying curves
In order to calculate
¡dm
dt
¢
f alling, the mass of moisture is assumed to be zero, all the
water is evaporated (neglecting any residual moisture). The mass of the droplet at the
beginning of the falling rate period is equal to the mass of the droplet at the end of
the ﬁrst stage, which can be extracted using eqn. (5.2) and the mass of the droplet (or
particle) is equal to the mass of solid at the end of the falling rate period. As stated
above, since the vertical position in the second period is function of density only, every
point in the vertical curve in the second stage represents a decrease in the droplet mass,¡dm
dt
¢
f alling is then calculated as (Kastner 2000):µ
dm
dt
¶
f alling
=
mconst;end¡m f alling;end
V posconst;end¡V pos f alling;end ¢
V pos f alling;t¡V posconst;end
t¡ t f (5.3)
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Figure 5.8: Experimental measurements of drying of multiphase droplet (a), (c) drying curves and
evolution of vertical position for 0.1 and 0.2 initial solid content of sodium sulfate, (b) and (d) shows
the extracted data of the mass transfer rate in the constant and falling rate periods.
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5.3 Drying of suspension solutions
Two different materials have been investigated, skim milk and soyabase. The initial
concentration was varied for both materials. As shown in ﬁg. 5.9 the initial concentra-
tion effects clearly the duration of the ﬁrst drying period, being shorter for higher initial
concentrations. The rise in vertical position relative to the adjacent pressure node indi-
cates the end of the ﬁrst drying stage, as the initial concentration increases the falling
rate stage starts earlier. However, it can be seen that the droplet diameter in case of
soyabase suspension does not cease once the falling rate period begins. The soyabase
or skim milk suspension does not form a rigid crust as in the case of sodium sulfate
solution, rather, the small dispersed particles near the surface move closer to each other
upon drying,the number of these particles increase as more water is evaporated at the
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Figure 5.9: Temporal evolution of normalized droplet surface, the drying curves represent two differ-
ent initial concentrations of a) skim milk Cs0 = 0:1 and b)skim milk Cs0 = 0:2. suspension. c) soya
base Cs0 = 0:1 and d)soya base Cs0 = 0:2. Drying parameters are 28 °C and 12 % relative humidity,
The vertical position of the droplet to the adjacent upper pressure node shows when the second drying
stage begins.
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surface. The moist now must diffuse between the particles, which leads to smaller
evaporation rate. The droplet diameter decreases by 10% relative to the value at the
end of the constant rate period designated by the rise of the droplet vertical position in
the acoustic ﬁeld.
Figure 5.9 shows the drying curves for skim milk and soyabase powders. Two experi-
mental data (Cs0 = 0:1 andCs0 = 0:2 ) are displayed, the ordinate which represents the
Normalized droplet surface . The normalization is applied based on the initial diam-
eter. The D2-law is valid at the initial stage of drying i.e. constant rate period. The
solid content in this stage is still small enough to inﬂuence the evaporation of the water
dramatically as in the falling rate period; however, the evaporation rate in the ﬁrst dry-
ing period is still lower comparing to an evaporation of pure liquid droplet at the same
operational parameters.
The acoustic ﬁeld will act on the droplet forcing it to be oblate, a series of shadow
pictures are depicted in ﬁg. 5.10 at different time steps. These pictures show that
droplet shape deviate from a spherical shape. The shape of the droplet depends on the
SPL value applied during the drying process. The droplet ends up with a disc-shape
particle.
The internal structure of skim milk particle of 30% wt. initial concentration has been
investigated under a scanning electron microscope (SEM), the droplet ﬁrst is picked up
from the levitator and glued into glass sheet. Then a layer of 10¡30mm is wiped from
the particle using a microtome knife, which is able to cut layers of thickness down to
10mm, removing few layers enable us to uncover the internal structure of the particle.
SEM pictures of skim milk particles are depicted in ﬁg. 5.11, the cross section shows
clearly a full particle resulted from the drying process. While the liquid evaporates the
t= 0 t= 600 st= 218 st= 180 s
Figure 5.10: Images of skimmilk droplet at 20% initial concentration. Images are captured at different
time steps. Images show the shape evolution of the droplet upon drying. Ambient air temperature and
relative humidity are 28 °Cand 10%, respectively.
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Figure 5.11: SEM images of skimmilk particle 30% initial solid concentration, pictures have a magni-
ﬁcation factor of 80×, 70× and 500×, respectively, Image (b) shows internal macrostructure of droplet,
(c) enlarged view of the internal cracks.
Figure 5.12: SEM images of soyabase particle of 20% initial concentration, outer surface with a
magniﬁcation factor of 90× and 5000×, respectively, pictures(b) shows the a crack on the particle
surface that occurred as a result of higher vapor pressure inside the droplet during the drying process.
small solid particles move inward the droplet center to form a denser and packed grain.
Internal cracks shows that the moisture may follow preferred paths to move outward
into the droplet surface. In ﬁg. 5.12 SEM images of soyabase suspension of 20%
initial solid concentration shows the morphology of a dried particle. It can be observed
70
5.4 SPL Calibration
that the cracks on the surface that result from inﬂation, at a certain point when the
equilibrium vapor pressure inside the droplet becomes larger the shell will burst, the
vapor leaks through the clefts.
5.4 SPL Calibration
The comparison between modeling and experiment of drying requires the knowledge
of the sound pressure level (SPL) Yarin et al. (1998). In case of pure liquid droplet
the SPL resulting from the acoustic force can be calculated if the surface tension, den-
sity and shape of the droplet are known, The procedure is presented by Yarin et al.
(1998). Those physical properties of the liquid does not change, therefore SPL can
be determined; however, for an evaporating multiphase droplet, it exhibits a change in
composition, this results in change of the surface tension and other physical properties
also, the YPT method can’t be used directly.
Observed droplet 
(Pure liquid or multiphase droplet)
Control droplet (Caster oil)
Figure 5.13: Sketch of two droplet levitaed in the acoustic ﬁeld.
A method is suggested by Yarin et al. (2002a) to calculate the sound pressure level felt
by binary liquid droplet during evaporation, SPL calibration of multiphase droplet rely
on the idea that the interaction between two levitated pure liquid droplet can be corre-
lated. As depicted in ﬁg. 5.13, two droplets are levitated at the same time at two dif-
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Figure 5.14: 3-D representation of SPL for water droplet, calculations carried out for different volume
and droplet’s shape.
ferent acoustic nodes, the upper droplet denoted as control droplet. This upper droplet
is chosen to have a very small vapor pressure, the evaporation rate is small enough that
no change in the droplet volume occurs. The lower droplet is the droplet under obser-
vation which may be a pure liquid droplet, multicompnent pure liquid droplet or even
multiphase droplet. The control droplet is caster oil, which has a surface tension of
39 mN=m, other liquids used for calibration are listed in table 5.2, in each calibration
experiment the following steps are taken into account:
• Control droplet must have always the same volume 1:5ml .
• The initial axis ratio (Horizontal diameter / vertival diameter), Dh=Dv of the con-
trol droplet is set to be 1.5, this is done by tuning the applied power to the piezo-
crystal.
• Volume of the observed droplet is kept the same in every experiment.
• The vertical distance between the reﬂector and the transducer is 1.2 cm (see Ch.
3).
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Figure 5.15: 2-D representation of calculated SPL values for water droplet at different volumes and
droplet’s shape.
Three different liquids were used, ethanol, methanol and iso-propanol. The volume
change of caster oil droplet and droplet under observation is plotted versus time. The
volume of the caster oil remains constant, as the observed droplet evaporates, it’s vol-
ume decreases; hence, it scatters the acoustic ﬁeld less and therefore the SPL value
felt by the control droplet is increased, since the volume of the control droplet doesn’t
change. The force balance on the droplet surface increases causing the shape of the
droplet to become more oblate and the value of the axis ratio (Dh=Dv) will increase
with time. The droplet under observation continues to evaporate, the volume decreases
and the shape of the droplet tends to reach an equilibrium value approaching a spherical
shape of axis ratio equal 1.
5.4.1 Calibration curve
The method presented by (Yarin et al., 2002a) to calculate SPL for binary liquid mix-
tures will be adopted to estimate SPL values for multiphase droplets upon drying. The
value of the SPL of the observed droplet is calculated for each sample (volume and axis
ratio values) at every time step. This is also carried out for the control droplet.
Figure 5.14 displays numerical calculation of SPL values as a function of droplet vol-
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Figure 5.16: Experimental results for ethanol, methanol and iso-propanol evaporation. The caster oil
droplet is set as control droplet with an initial volume of 1:5 ml.
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Figure 5.17: SPL calibration curve for pure liquids (ethanol, methanol and iso-propanol) and caster
oil droplet as a control droplet, SPL values are obtained at different time steps.
ume and axis ratio, which are chosen to cover different situations of droplet shape and
sizes that may result from experiments. It can be seen that SPL tends to increase as the
droplet shape approaches a spherical shape for a constant volume. The SPL is higher
for a small droplet volume; this is due to less scattering of the acoustic ﬁeld by the
smaller and spherical-like droplet.
A similar 2-D representation is depicted in ﬁg. 5.15, both graphs are generated using
the YPT algorithm (Yarin et al., 1999) and it can be calculated for each liquid.
Experimental results depicted in ﬁg. 5.16 show the temporal evolution of axis ratio and
volume of ethanol, methanol and iso-propanol droplets. Just after the droplet inser-
tion in the acoustic ﬁled the evaporation begins, the volume decreases and the droplet
shape changes towards being spherical. In the case of caster oil the volume remains
constant; however, its axis ratio increases, the droplet becoming more oblate. In this
case the acoustic force applied to caster oil droplet become larger as the alcohol droplet
evaporates.
A 2-D interpolation algorithm is implemented to calculate the SPL value of both caster
oil droplets and other alcohol droplets during the course of evaporation. The calcu-
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lated SPL are depicted in ﬁg. 5.17; the values of SPL for the caster oil droplet versus
SPLobserved is shown. It can be seen that the points can be correlated to a linear ﬁt
that takes the form, SPLobs = 1:376 ¢ (SPLobs)¡ 62:57 with a correlation coefﬁcient
R¤ = 0:934.
Table 5.2: Surface tension of studied liquids
Liquid surface tension [mN/m]
Caster oil 39.0
Methanol 22.0
Iso-propanol 23.0
Ethanol 22.3
Water 72.0
5.4.2 SPL estimation for multiphase droplet
SPL estimation of multiphase droplets (sodium sulfate, skim milk and soyabase) were
carried out applying the same procedure presented previously for the alcohol droplets.
The conditions were kept as before e.g. caster oil control droplet initial volume and axis
ratio are 1.5, vertical distance between reﬂector and transducer and the conﬁguration
of the observed and control droplet.
As depicted in ﬁgures 5.18-5.21. The temporal evolution of the axis ratio for both
droplets is shown. Different materials and initial concentrations were investigated.
The sound pressure level of the observed droplet was estimated. First, the SPL values
of the control droplet is calculated. Each pair ( volume and axis ratio) from the exper-
iments is used to calculate numerically the corresponding SPL. The SPL value for the
observed droplet is estimated by applying the correlation found in ﬁg. 5.17. It can be
seen that as the multiphase droplet evaporates, the volume decreases and the scattered
acoustic ﬁeld becomes less. This is reﬂected by the caster oil droplet; the axis ratio
increases, the droplet takes an oblate shape. The method presented for SPL accounts
for the shape and size change to estimate the corresponding SPL value, it neglects the
surface tension or any other inﬂuence.
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Figure 5.18: Calculated SPL for an aqueous droplet of Na2SO4 at initial solid concentration of 10%
and 20% mass fraction, respectively, caster oil droplet is set as a control droplet with an initial volume
of 1:5 ml.
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Figure 5.19: Calculated SPL for suspension of skim milk at initial solid concentration of 10% and
20% mass fraction, respectively, caster oil droplet is set as a control droplet with an initial volume of
1:5 ml.
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Figure 5.20: Calculated SPL for suspension of skim milk at initial solid concentration of 30% wt.,
and soyabase of 10 % wt. caster oil droplet is set as a control droplet with an initial volume of 1:5 ml.
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Figure 5.21: Calculated SPL for suspension of soyabase at initial solid concentrations of 20% and
30% wt. caster oil droplet is set as a control droplet with an initial volume of 1:5 ml.
80
Chapter 6
Drying of Single Droplets: Modelling
6.1 Perfect mixing model (PPM): Crust thickness estimation
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Figure 6.1: Drying curve of multiphase droplet represented by temporal evolution of the normalized
surface area of the droplet. Once the crust is formed, the droplet keeps a constant volume.
The prediction of the drying of droplets depends on the type of material, dissolved
solids such as salts, or suspensions such as milk or sugar like materials, i.e. Dextrine.
Many parameters should be taken into account besides the process parameters (temper-
ature, initial concentration or gas velocity), in particular the material properties i.e. the
activity coefﬁcient, mutual diffusion coefﬁcient and thermal sensitivity.
A 1-D model to describe the drying of dissolved salts assuming perfect mixing, in
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which the solid concentration inside the droplet is homogeneous and increases as droplet
evaporates, assumes the following:
• Uniform temperature distribution, temperature gradient is neglected.
• Mass and heat transfer parameters are assumed to be valid, in the case of inner
acoustic boundary layer, Sh and Nu number proposed by Yarin et al. will be
implemented. Other wise, for forced convection, Sh and Nu numbers from Ranz
and Marshall are used.
• An equilibrium is assumed to exist between the vapor and the surrounding air i.e.
evaporation is instantaneous.
• Uniform solid concentration is assumed though the droplet.
• The evaporation process is assumed to be spherically symmetric and the asym-
metric convective effects are included implicitly.
The rate of change of droplet mass is equal to the rate of the vapor leaving the droplet
surface evaporated from the droplet:
dmv
dt
= rgpDDgSh ¢BM (6.1)
where, D is droplet diameter, Dg is the vapor air binary diffusion coefﬁcient and BM
is Spalding mass transfer coefﬁcient. Eqn. (6.1) predicts the mass loss of the droplet
in the constant rate period, the presence of the dissolved solids will decrease the vapor
pressure of the solution; hence decreasing the evaporation rate. Rault’s Law is used to
calculate the inﬂuence of the existing solute concentration:
Pvsol = Xliquid ¢Pvliq (6.2)
where, Pvliq is the vapor pressure of the solvent and Xliquid is the molar fraction of sol-
vent. Heat balance is calculated analogous to pure liquid evaporation:
QC = Qvap+QL (6.3)
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where QC is the convective heat ﬂux exchanged with the gaseous environment, QL is
the heat ﬂux entering into the liquid phase and Qvap is the heat ﬂux due to vaporization.
The thermal properties of the droplet are calculated using the Ansatz:
ydrop =Cw ¢ywater+(1¡Cw) ¢ysolids (6.4)
where y is the thermal property of water and solid material, i.e. heat capacity, heat
conductivity and droplet density. y is function of temperature. Mass and heat transfer
parameters are calculated using the Sh and Nu deﬁned by eqn. (4.42) or eqn. (4.44).
As depicted in ﬁg. 6.2, the drying of an aqueous solution of Na2SO4 (initial solid mass
fraction is 20%) is calculated at ambient gas temperature of 25 °C. The normalized
surface is plotted versus time, the drying of multiphase droplet still follow the well
known D2-law. The temperature of the droplet during the evaporation falls down to the
wet bulb temperature, here most of the heat delivered to the droplet from the gas phase
is devoted to evaporating the water. It can be seen that the drying of pure liquid droplet
is faster, this is due to the presence of the solids inside the multiphase droplet which
hinder the evaporation.
Criterion to determine the end of the constant rate period
The loss of the water from the droplet bring the drying curve towards the end of the
constant rate period, this can be easily seen in the sharp deﬂection point in ﬁg.5.3 or
ﬁg. 6.1. Once the falling period starts, it’s accompanied by constant volume evapora-
tion. However, different criteria may describe how the droplet moves into the falling
rate period. Basically the type of the droplet i.e. solution or suspension must be ad-
dressed. Kastner et al. (2001) proposed a model to describe the drying of a glass beads
suspension which has small diameter aprox. 12mm.
As the drying process goes on, the concentration of the solids on the surface increases
and at later stages, due to the capillary mechanisms in the pores, the surface wetness can
no longer be maintained (Masters, 1991). Handscomb et al. (2008) assumed that a shell
is formed once the particle volume fraction becomes larger than a critical predeﬁned
value. This point corresponds to the state where the particles can no longer move
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Figure 6.2: Drying of multiphase droplet of water and Na2SO4, initial solid content is wt. 20%, Tgas
= 25 °C, the drying curve is calculated in the constant rate period.
toward the droplet center.
In materials like coffee extract or milk the transition from constant rate period to falling
rate period seems to be difﬁcult to be determined. The shell will form also if the
droplet reaches it critical moisture content (Cheong et al., 1986, Mujumdar, 2006). For
a droplet containing dissolved solids, the solute concentration increases, until it reaches
the saturation point (Nesic and Vodnik, 1991). The crust will build up as long as a stable
and rigid layer from the solids forms at the surface (Ford, 1996).
As the shell start to grow it adds a new resistance to the vapor diffusion into the existing
mass transfer resistance in the diffusion boundary layer surrounding the particle. In
order to incorporate these resistances into eqn. (6.1), Kg which is the mass transfer
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(a) Constant rate period (b) Falling rate period
Figure 6.3: Sketch of a) droplet in the constant rate period b) droplet surrounded by the shell right
after the beginning of the falling rate period.
coefﬁcient in the gas phase, is deﬁned as (Incropera and Dewitt, 1996):
Kg =
D
Sh ¢Dg (6.5)
and the mass transfer coefﬁcient due to crust resistance is deﬁned as (Audu and Jeffreys,
1975):
Kcrust =
d
Dcrust
(6.6)
where d is the crust thickness, Dcrust is the effective diffusion coefﬁcient in the crust,
typically determined from the experiments. Dcrust is also a function of the crust porosity
and tortuosity of the porous crust. The effective diffusion coefﬁcient is related to the
vapor diffusion coefﬁcient, (Audu and Jeffreys, 1975):
Dcrust =Dg ¢ e1:5 (6.7)
or it’s deﬁned as a function of the porosity and the tortuosity (Cussler, 1997) :
Dcrust =
Dg ¢ (1¡ e)
t
(6.8)
where t is the tortuosity, which relates the actual distance the vapor must diffuse
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through to a linear distance between the edges of the crust.
The overall vapor transfer resistance is then deﬁned as:
Kgc = Kg+Kcrust (6.9)
The new mass transfer resistance is substituted into eqn. (6.1):
dmv
dt
= rgpD2drop ¢
BM
Kgc
(6.10)
In the absence of the crust d = 0, the second term of the right-hand side of eqn. (6.9)
cancel out and eqn. (6.10) is reduced to eqn. (6.1).
The crust thickness is calculated assuming that the evaporated water will be compen-
sated by solid precipitation in the crust and the crust stays dry. The total mass of the
solids is expressed as (Nesic and Vodnik, 1991):
ms = ms;core +ms;crust
=
p
6
rcore ¢ ys(Dcore)3+mt¡ p6rcore ¢ (Dcore)
3 (6.11)
Rearranging eqn. (6.11) and substituting Dcore = D¡2d :
mt¡ms =¡p6rcore ¢ ys(D¡2d )
3+
p
6
rcore ¢ (D¡2d )3 (6.12)
Equation (6.12) is divided by msat¡ms :
mt¡ms
msat¡ms =
¡p6rcore ¢ ys(D¡2d )3+ p6rcore ¢ (D¡2d )3
msat¡ms (6.13)
where msat is the mass of the droplet just before the crust formation begins, the term
(msat¡ms) represents the mass of the water in the droplet. Then eqn. (6.13) becomes:
mt¡ms
msat¡ms =
¡p6rcore ¢ ys(D¡2d )3+ p6rcore ¢ (D¡2d )3
p
6rcore ¢ yw ¢D3
(6.14)
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with ys+ yw = 1, eqn. (6.14) is solved for d :
d =
D
2
¢
Ã
1¡
µ
mt¡ms
msat¡ms
¶1=3!
(6.15)
To account for porous crust formation, e is deﬁned as the average crust porosity, the
crust volume is calculated as :
vc =
p
6
¢¡D3p¡ (Dp¡2 ¢d )3¢
vc;porous =
vc
1¡ e (6.16)
where vc is the volume of compact crust, Dp is the diameter of the particle after crust
formation. solving eqn. (6.16) for dporous:
dporous =
Dp
2
¡
Ã
D3p
8
¡ 6
8p
¢ vc;porous
!1=3
(6.17)
Crust thickness calculated using eqn. (6.17) are schematically shown in ﬁg. 6.5 respec-
tively; a porous shell thickness is larger than a compact shell with e = 0.
In the model, an average porosity is assumed throughout the drying process. Eqn.
(6.17) is calculated at each time step. Knowing the crust thickness enables us to calcu-
late the diameter of the core. In this model the crust is assumed to be dry; that means
the evaporation occurs at the core-crust interface and the vapor diffuses through pores.
Drying of multiphase droplets of sodium sulfate and water at 28 °C and 12% relative
humidity are depicted in ﬁg. 6.5. The constant rate period ends up at 170 s, the falling
rate period then starts. This can be easily seen as the diameter of the droplet, which is
monitored using a CCD camera, doesn’t change throughout the falling rate period.
Assuming a crust porosity of 20%, which is typical in detergent products, the modeled
crust thickness reaches approx. 60 mm. The modeling in the constant rate is in good
agreement with the experiment results. The model is initiated with the same experi-
mental parameters, an initial SPL of 164.25 is assumed. It can bee seen that just before
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(a) Crust thickness, d at e = 0
δporous
(b) Crust thickness, dporous at eave
Figure 6.4: Schematic of the crust thickness, a porous crust has larger thickness dporous comparing to
crust thickness at e = 0.
the crust formation the model deviates from the experiment, this can be explained by
the existence of the salt, which hinder the evaporation of the water. However, Rault’s
law, which is being used to calculate the effective mole fraction at the surface, fails to
predict the actual contribution of the sodium sulfate.
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Figure 6.5: Drying of aqueous solution of Na2SO4 at 28 °C and 12% relative humidity, the initial
droplet diameter is 1.0 mm, the crust thickness begins to increase in the falling rate period.
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6.2 Diffusion mixing model (DMM)
Another approach to describe the drying behavior of the multiphase materials is to
consider the internal distribution of the solids in radial direction. Different models exist
in the literature to solve such systems (Kastner, 2001, Sano and Keey, 1982, Schiffter
and Lee, 2007b).
The knowledge of the mutual diffusion coefﬁcient is essential to run the model, mutual
diffusion coefﬁcients are typically a function of temperature and concentration of the
water (Wijlhuizen et al., 1979). Estimation of the diffusion coefﬁcient results from
a comparison between the experimental results and the model; hence, experimental
investigation of a single droplet drying in an acoustic levitator offers the ability to
determine the diffusion coefﬁcient by comparing the drying curve in order to determine
the unknown parameters.
Diffusion Model formulation
In order to model the physical process in the droplet and to calculate the time dependent
concentration distribution, a one dimensional, radial symmetric model is assumed, the
droplet is assumed to be spherical. Sano and Keey (1982) accounted for bubble for-
mation; here, we neglect this and no air bubble will form inside the droplet during the
drying process. The diffusion equation and the continuity equation will be considered
for the liquid component (Bird et al., 1960). Then the equation of the liquid concentra-
tion reads as (Sano and Keey, 1982):
¶ (r ¢ yw)
¶ t
+
1
r2
¶
¶ r
¡
r2r ¢ ywVr
¢| {z }
convection
=
1
r2
¶
¶ r
µ
r2rDws
¶yw
¶ t
¶
| {z }
di f f usion
(6.18)
where, yw is the mass fraction of the liquid component yw =
rw
r , Vr is the radial bulk
velocity of the of the liquid/solid mixture and r is the mixture concentration (kg=m3). If
the Rule of Amagat for a liquid solid mixture is applied (volume addivity) (Verdurmen
et al., 2004):
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r =
rsYˆ
yw+ Yˆ
(6.19)
where Yˆ is the density ratio and deﬁned as:
Yˆ =
r´w
r´s¡ r´w (6.20)
where r´w , r´s are the density of the pure liquid and the solids, respectively. The conti-
nuity equation of mixture reads as:
¶r
¶ t
+
1
r2
¶
¶ r
¡
r2rVr
¢
= 0 (6.21)
applying partial derivative to RHS of eq. (6.18) yields:
r
¶yw
¶ t
+ yw
¶r
¶ t
+r ¢Vr¶yw¶ r +
yw
r2
¶
¶ r
¡
r2 ¢r ¢Vr
¢
=
1
r2
¶
¶ r
µ
r2rDws
¶yw
¶ t
¶
(6.22)
collecting similar terms :
r
¶yw
¶ t
+r ¢Vr¶yw¶ r + yw
·
¶r
¶ t
+
1
r2
¶
¶ r
¡
r2 ¢r ¢Vr
¢¸
=
1
r2
¶
¶ r
µ
r2rDws
¶yw
¶ t
¶
(6.23)
by substituting eqn. (6.21) into eqn. (6.23) we get:
r
¶yw
¶ t
+r ¢Vr¶yw¶ r =
1
r2
¶
¶ r
µ
r2rDws
¶yw
¶ t
¶
(6.24)
combining eqn. (6.18) with eqn. (6.21) leads to the convective mass transport in the
droplet, Vr:
Vr =
Dws
yw+ Yˆ
¶yw
¶ r
(6.25)
90
6.2 Diﬀusion mixing model (DMM)
The Fickian transport equation of the time dependent concentration distribution is
found by substituting eqns. (6.19),(6.20) and (6.25) into eqn. (6.24):
¶yw
¶ t
+2
Dws
yw+ Yˆ
¶yw
¶ r
=
1
r2
¶
¶ r
µ
r2rDws
¶yw
¶ t
¶
(6.26)
The initial conditions at time, t=0 is
yw = yw0 for r 2 [0 rs] (6.27)
Two boundary conditions are required to solve eqn. (6.26), at the center and at the
surface of the droplet:
¶yw
r
= 0
¶m
¶ t
= ¡r ¢ yw¶ r¶ t ¡r
Yˆ
yw+ Yˆ
Dws
¶yw
¶ r
(6.28)
where ¶m¶ t is the mass ﬂow rate from the droplet surface eqn. (6.1). However, the
presence of the solid components lead to a decrease of the vapor pressure of the liquid
component at the droplet surface; thus, decreasing the evaporation rate.
In order to bridge the gap between phenomena occurring inside and outside the droplet,
a new parameter is introduced to calculate m˙v. The activity coefﬁcient aw accounts for
the inﬂuence of the solid component on the vapor pressure at the droplet surface, it
depends on both concentration and the type of the solid material. aw can be obtained
from sorption isotherms (Gekas, 1992, Mujumdar, 2006). The mass fraction of the
vapor at the droplet surface assuming thermodynamic equilibrium, is calculated using
the following relation:
Xw = aw ¢ PsatP¤liq
Yvap =
Xw ¢Mw
Xw ¢Mw+(1¡Xw) ¢Mair (6.29)
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Table 6.1: Estimated values of A, B and C used in eqn. (6.31)
Material A B C
Soyabase 13.02 38.91 262.75
Skim milk 6.41 38.91 103.48
where, Xw is the mole fraction of the vapor. Mw;Mair are the molar mass of the water
and the air, respectively. The correlation of activity given by Wijlhuizen et al. (1979)
was employed:
aw = exp
Ã
¡3:106£10¡3
µ
yw
1¡ yw
¶¡2:18!
(6.30)
The diffusion coefﬁcient for milk and whey based products (Sano and Keey, 1982)
depends on the concentration of the solvent, temperature and the activation energy. It
normally take the general form:
Dws = exp
µ
¡B+C ¢ yw
1+A ¢ yw
¶
¢ exp
µ
¡DH
RG
·
1
T
¡ 1
303
¸¶
(6.31)
where, DH is the activation energy, and A;B andC are constants depends on the mate-
rial and will be determined from the drying curve of the drying experiment. Experimen-
tal results of the drying kinetics of skim milk and soyabase suspensions are compared
with model predictions described in §6.2, eqns. (6.26)-(6.28) are solved numerically
to obtain the drying curve. The model implements a diffusion dependent concentration
coefﬁcient, eqn. (6.31), where A, B, C are adjustable parameters depending on the ma-
terial. Figure 6.6 depicts the evolution of D2 curves predicted by eqns. (6.26)-(6.28).
Three different initial concentration were tested for both skim milk and soyabase.
The comparison between model and prediction and experimental results provides an
estimation of the adjustable parameters A;B andC implemented in the diffusion coef-
ﬁcient. In table 6.1 the values of A, B and C for skim milk and soyabase powders are
listed.
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Figure 6.6: Drying rates of skim milk and soyabase suspensions. Drying parameters are 28 °C and
12 % relative humidity, the drying curves represent three different initial concentrations of the solid
material 0.1, 0.2 and 0.3 wt%. Solid lines correspond to the predicted values by Sano and Keey
Model.
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6.3 Two-dimensional modelling
In chapter 5, the drying of multiphase droplets consisting of sodium sulfate solutions
has been investigated experimentally. A 1-D model is presented to estimate the crust
thickness. As mentioned previously, the drying process can be divided in principle into
at least two drying steps i.e. the constant rate drying and falling rate drying. The ﬁrst
step is characterized by a volume decrease due to the evaporation of the solvent. The
concentration of the solute increases as time proceeds, and when the concentration of
the solute exceeds the critical concentration, crystallization starts at the droplet surface.
However, in spray drying processes the heated air ﬂows against the droplets with a
relative velocity creating a stagnation point.
The formation of shell at the droplet surface can be signiﬁcantly inﬂuenced by the
ﬂow of the drying gas. The evaporation rate is maximum at the stagnation point and
it decreases around the surface as it reaches the rear stagnation point. That means
the critical concentration of the solute occurs ﬁrst at the front stagnation point ( the
crystallization start here ﬁrst), and propagates towards the rear stagnation point.
Figure 6.7 shows the crystallization of an aqueous solution. A sequence of pictures
were taken with a CCD camera and a long-distance microscope while the droplet was
illuminated with front light. As long as there are no solids on the surface, the light
passes through the droplet and once the crystals forms on the surface they reﬂect the
light back, which is seen as a bright region in the pictures. The crust forms through
crystallization, beginning at the south pole and progressing up around the equator of
the drop. The evaporation of the moisture at the beginning of the drying is similar
to the evaporation of pure liquid droplet of the same volume and follows the D2-law.
However, once the crust is formed, the liquid must pass through the pores of the crust
and then by diffusion to the surrounding bulk gas, resulting in decrease of evaporation
rate.
In the experiment shown in ﬁg. 6.7, the air ﬂow hits the droplet from the bottom, in
the spray dryer the droplets trajectories follow different paths and the direction of these
trajectories will determine the location of the stagnation point; hence, the point where
the crystallization begins. As depicted in ﬁg. 6.8 another conﬁguration was tested. The
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Figure 6.7: Crust formation at the end of constant rate period of a multiphase droplet of 20% initial
mass concentration. Droplet volume 1.0 ml; the air ﬂow comes from the bottom, a reﬂector of a
central hole of diameter of 1.35 mm is used. Air ﬂow at Vair=1.2 m/s.
air ﬂows form the top and hits the droplet at the north pole. The pictures show clearly
that the crystallization is initiated at the top of the droplet and then propagates towards
the south pole.
Finally the levitator is mounted in horizontal orientation as shown in ﬁg. 6.9, the levi-
taion of the droplet is achieved now by the radial acoustic force (Fr) in order to coun-
teract the gravity force i.e. droplet weight. The radial acoustic force is smaller than
the axial acoustic force. According to Lierke (1996b) the relation between both forces
Fac : Fr is 5:1. As depicted in ﬁg. 6.10 the droplet shape is more oblate than the droplet
in ﬁg. 6.7, which is due to the large driving voltage applied to the piezocrystal to
increase the radial acoustic force. Moreover, the air ﬂow coming from the reﬂector
pushes the droplet near to the pressure node causing it to become more oblate.
an air ﬂow of 0.4 l/min is induced from the reﬂector equipped with a nozzle having a
diameter of 1.35 mm. The air velocity near the droplet surface is then 3.1 m/s. Accord-
ing to Yarin et al. (1999), this velocity is larger than the gas characteristic velocity, Bs.
This air ﬂow will blow out not only the outer acoustic streaming but it will also cause
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Figure 6.8: Crust formation at the end of constant rate period of a multiphase droplet of 20% initial
mass concentration. Droplet volume 1.0 ml; the air ﬂow comes from the top, a reﬂector of with central
hole of diameter of 1.35 mm is used. Air ﬂow at Vair=3.1 m/s.
the inner boundary layer to be destroyed, meaning that the evaporation is then driven
by forced convection.
Flow direction
Figure 6.9: Experimental setup showing the levitator mounted in horizontal orientation, a strobe light
is used to illuminate the droplet.
A mathematical model that describes the crystallization on the surface of the droplet
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Figure 6.10: Crust formation at the end of constant rate period of a multiphase droplet of 20% initial
mass concentration. Droplet volume 1.0 ml; the air ﬂow comes from the side, a reﬂector of with
central hole of diameter of 1.35 mm is used. An air ﬂow at Vair=1.3 m/s.
as a function of the ﬂow around the droplet is beneﬁcial. In the following sections the
development and the mathematical derivation of a 2-D drying model will be presented
and the concentration of solid material will be calculated along the radius and over the
droplet surface.
6.3.1 Model formulation
The drying model that can be used to describe the drying of a multiphase droplet is
based on the continuity equation. The droplet consists of an evaporating component
i.e. water and non-evaporation component i.e solids. Upon evaporation, the mass of
the liquid decreases while the solids mass stays constant, which leads to a radial con-
centration gradient of both components. Here a 1-D dimensional model is assumed.
The prediction of the concentration gradient along droplet radius and surface, can be
formulated by a 2-D model. The main assumption of the model is that diffusion coef-
ﬁcient is uniform in both orientations. During the ﬁrst drying period, the droplet has a
spherical shape, heat conduction is the mechanism of heat transfer within the droplet;
the droplet surface recedes as a result of the liquid component evaporation. The inter-
nal circulation will be neglected, air-water vapor mixture obeys the ideal gas law, and
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ﬁnally, evaporation occurs instantly so that a thermal and concentration equilibrium
condition is established on droplet surface.
During evaporation, the droplet is assumed to be motionless and the stream of air ﬂow
of deﬁned temperature, humidity and velocity surround the droplet.
At the beginning of the evaporation, the heating of the droplet is unsteady Fo<0.1; it
last only for milliseconds during spray drying in industrial processes, therefore, the
temperature proﬁle will be calculated inside the droplet. Using spherical coordinates,
the equation of energy conservation:
¶T
¶ t
+Vr
¶T
¶ r
+
Vq
r
¶T
¶q
=
1
r2
¶
¶ r
µ
ad ¢ r2¶T¶ r
¶
+
ad
r2 sin(q)
¶
¶q
µ
sin(q)
¶T
¶q
¶
+
ad
r2 sinq 2
¶T
¶f
(6.32)
the corresponding Neumann boundary conditions at droplet surface and center:
¶T
¶ r
= 0; r=0 (6.33)
4pr2sKd
¶T
¶ r
¯¯¯
r=rd
= 4pr2shg(Tg¡Td); r=rs (6.34)
Where ad is the thermal diffusivity of the droplet and hg is heat transfer coefﬁcient.
The continuity equation described by Bird et al. is used as the basis of this model.
The continuity equation for a binary liquid mixture reduces to the diffusion equation.
In spherical polar coordinates this is :
¶Cw
¶ t
+Vr
¶Cw
¶ r
+
Vq
r
¶Cw
¶q
=
1
r2
¶
¶ r
µ
Dws ¢ r2¶Cw¶ r
¶
+
Dws
r2 sin(q)
¶
¶q
µ
sin(q)
¶Cw
¶q
¶
+
Dws
r2 sinq 2
¶Cw
¶f
(6.35)
here Cw is mass fraction of the liquid component, Cw +Cs = 1, Dws is the binary
diffusion coefﬁcient which assumed to be spatially invariant, r;q and f are the radial,
polar angle (rad) and azimuthal angle (rad) in spherical coordinates, respectively.
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Figure 6.11: Spherical coordinate system used to solve the diffusion equation.
6.3.2 Coordinate system normalization
The evaporation of multiphase droplet is accompanied by a volume reduction and a
change in the solids concentration inside the droplet and at its surface. The formation
of the shell will add another difﬁculty as this creates a ﬁxed outer diameter with core
of moving interface. This results in a system of PDE with moving boundary conditions
and, therefore, a normalization of the coordinate system in radial orientation should be
implemented to solve the diffusion equation.
In order to track the moving front, the following coordinate transformation is applied
to all equations:
• Dimensionless radial coordinate, x
a =
rs(t)
r0
(6.36)
x =
r
rs(t)
(6.37)
¶
¶ r
=
1
rs
¶
¶x
(6.38)
where rs(t) is the droplet radius, for 0 < r < rs, the dimensionless coordinate
x 2 [0 : 1]
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θ = 0
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ξ = 1
∆θ
∆ ξ
Figure 6.12: 2-D grid implemented to solve the diffusion equation, radial coordinate, x 2 [0;1] and
Dx step, the azimuthal coordinate q start from q = 0 to q = p with step of Dq .
• Dimensionless time, t
t = t=t¤ (6.39)
where t¤ is the total time needed to evaporate the liquid. For a function F =
f (x (rs(t)); t), when applying Landaus’s transformation, (Crank, 1984), we have:
¶F
¶ t
¯¯¯
r
=
¶F
¶x
¶x
¶ rs
¶ rs
¶ t
+
¶F
¶ t
¯¯¯
x
(6.40)
the partial derivative ¶x¶ rs with the help of eqn. (6.37) may rewritten as:
¶x
¶ rs
=¡ r
r2s
=¡x
rs
(6.41)
The time derivatives in x coordinate system are then related to those in r coordinate
system by:
¶
¶ t
¯¯¯
r
=
¶
¶ t
¯¯¯
x
¡ x
rs
¶
¶x
¶ rs
¶ t
(6.42)
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when eqns. (6.37) and (6.42 ) are substituted into eqn. (6.35), we get:
¶Cw
¶ t
¯¯¯
x
¡ x
rs
¶Cw
¶x
¶ rs
¶ t
=
Dws
r2sx 2
¶
¶x
µ
x 2
¶Cw
¶x
¶
+
Dws
r2sx 2
·
1
sin(q)
¶
¶q
µ
sin(q)
¶Cw
¶q
¶
+
1
sinq 2
¶Cw
¶f
¸
(6.43)
Rearrange eqn. (6.43) and render rs(t); t by r0 and t¤,the total time to evaporate the
whole amount of the liquid eqn. (6.39), respectively yields:
a2
¶Cw
¶t
=
x
2
t¤
r20
dr2s
dt
¶Cw
¶x
+
Dws
x 2
¶
¶x
µ
x 2
¶Cw
¶x
¶
+
Dws ¢ t¤
r20x 2
·
1
sin(q)
¶
¶q
µ
sin(q)
¶Cw
¶q
¶
+
1
sinq 2
¶Cw
¶f
¸
(6.44)
The concentration proﬁle along f coordinate is assumed to be uniform; hence the third
term of RHS drops out:
a2
¶Cw
¶t
=
x
2
t¤
r20
dr2s
dt
¶Cw
¶x
+
Dws
x 2
¶
¶x
µ
x 2
¶Cw
¶x
¶
+
Gws
x 2
·
1
sin(q)
¶
¶q
µ
sin(q)
¶Cw
¶q
¶¸
(6.45)
where Gws is the non-dimensional diffusion time introduced ﬁrst by (Brenn, 2004):
Gws =
Dws ¢ t¤
r20
(6.46)
6.3.3 Initial and boundary conditions
The solution of eqn. (6.45) which is a PDE of second order in two spatial coordinates
requires an initial and two boundary conditions in each direction, namely r and q . In
order to calculate the concentration proﬁles of both components in dynamic or acoustic
ﬁeld, different boundary conditions will be used in each case to solve eqn. (6.45).
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Initial conditions
The multiphase droplet is assumed to have a homogeneous concentration distribution
of solid component inside the droplet, and the initial concentration cw0 at t0 is known.
The initial condition of each coordinate system is given by:
Cw =Cw0; x 2 [0 : 1] at t = 0 (6.47)
Cw =Cw0; q 2 [0 : 2p] at t = 0 (6.48)
Boundary conditions
r-coordinate
The ﬁrst boundary condition for the radial coordinate deﬁned at droplet center arises
from symmetry considerations:
¶Cw
¶x
= 0; t 2 [0 : 1] at x = 0 (6.49)
At droplet surface the mass balance of the evaporating component is given by:
m˙
4 ¢p ¢ rs(t)2 =¡rdDws
¶Cwi
¶ r
+rd ¢Cwi¶ rs¶ t (6.50)
rearrange eqn.(6.50) for ¶Cw¶ r :
¶Cw
¶ r
=
Cw
Dws
¶ rs
¶ t
¡ m˙w
4 ¢prs(t)2rdDws (6.51)
In dimensionless form, the corresponding transformation of eqn. (6.51) reads for all
times, t at x = 1:
¶Cw
¶x
= rs(t)2
Cw
Dws
¶x
¶ t
¡ m˙w ¢ rs(t)
4p ¢ rs(t)2rdDws (6.52)
where m˙ is the mass ﬂux of the liquid component across droplet surface, rd is the
droplet density. Eqn. (6.52) will be solved pointwise on the droplet surface q 2 [0 : p];
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a simpliﬁed form is given by:
¶Cw
¶x
(q) =Cw(R;q) ¢At(q)¡Gt(q) (6.53)
where
At =
rs(t)2
Dws
¶x
¶ t
and Gt =
m˙w(q)rs(t)
Dws
(6.54)
The boundary condition in eqn. (6.52) can be rewritten for the solid component. In
this case the second term of the RHS drops out and there is no mass ﬂux of the solid
component, m˙s = 0. The droplet density rd is calculated at every time step assuming
volume additivity (Sano and Keey, 1982):
rd(r;q ; t) =
rs ¢ Yˆ
Yˆ +Cw(r;q ; t)
(6.55)
where Yˆ is the density ratio and deﬁned in eqn. (6.20), and rs is the density of solids.
q -coordinate
The concentration proﬁle is solved over the q domain, which starts from the front
stagnation point (q = 0) to the rear stagnation point (q = p); the differential equation
results form the symmetry condition at both points:
¶Cw
¶q
= 0; q = 0 for all times t (6.56)
¶Cw
¶q
= 0; q = p for all times t (6.57)
6.3.4 Transfer parameters
The boundary conditions depends on the species and thermal gradients at the droplet
surface, deduced from the external ﬂow computation by implementing an adequate
mesh in the vicinity of the droplet. Indeed the droplet is considered as a mass ﬂow inlet
for the external ﬂow, and the vapor ﬂow rate corresponds also to a boundary condition.
An iterative process must be consequently performed for the external ﬂow to calculate
the vapor ﬂow rate proﬁle. For a small droplet at low air velocity a laminar ﬂow is
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Figure 6.13: Flow past spherical droplet, ﬂow direction from left to right.
established around the droplet. Fig. 6.13 shows the stream lines of such a ﬂow.
The complete evaporation model implies an unsteady two-way coupling between the
gas phase and the liquid phase assuming a quasi-steady evaporation. Nevertheless,
after a short transient stage, the droplet reaches a uniform steady surface temperature,
whereas the vapor ﬂow rate and total heat ﬂux depend mostly on the convection in the
gas phase.
In the ﬁrst approximation, computations are performed for different cases considering
the droplet surface temperature as being uniform. As depicted in 6.15, three differ-
ent cases are considered corresponding to different operational parameters, from the
droplet lowest temperature at the end of the evaporation to its highest injection temper-
ature.
These steady computations result in similar boundary conditions proﬁles (Frackowiak,
2007), which are converted into Nusselt and Sherwood number proﬁles. Here also Sh
and Nu numbers present a maximum at the stagnation point on the leading edge, and
decrease until the rear of the droplet on the trailing edge. Their minimal values are close
to 2, due to the weak velocity in this area, reducing strongly the convection. Whereas
their average values are close to the Ranz Marshall correlation. A reﬁned correlation is
consequently proposed, considering the diffusive part uniform on the droplet surface,
whereas the convective part, decreasing from the leading edge to the trailing edge, was
modelled by a cosinus term.
Sh(q) = 2+2£0:3£
p
Re ¢Sc1=3£ (1+ cos(q)) (6.58)
The same correlation applies in case of the Nusselt number. The mass ﬂux over the
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Figure 6.14: Calculated heat and mass ﬂuxes of single droplet at different experimental parameters.
a) liquid droplet of 100 mm and ambient air at 1 m/s and 40 °C. b) initial diameter is 500 mm and
ambient air at 1 m/s and 40 °C. c) initial diameter is 500 mm and ambient air at 1 m/s and 10 °C.
droplet surface can be the calculated as:
dm
dt
(q) = pDrgDgBMSh(q) (6.59)
For evaporation driven by the acoustic ﬁeld, the Sherwood number proposed by (Yarin
et al., 1999) will be used:
Sh(q) = 2 ¢Kac B(wDg)1=2
cos2q
(1+ cos2q)1=2
(6.60)
6.3.5 Numerical implementation
An alternating direction implicit (ADI) scheme developed by Douglas and Gunn (1955)
with a truncating error of 2nd order in time and spatial dimensions, was employed to
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Figure 6.15: Calculated Sh number according to a) eqn. (6.58), initial diameter is 1 mm and ambient
air at 1 m/s and 25 °C. b) eqn. (6.60), initial diameter is 1 mm, SPL =162.5 dBe and air temperature
= 25 °C.
ﬁnd the distribution of solid concentration proﬁles. The governing eqn. (6.45) subject
to the boundary conditions eqns. (6.49)-(6.52) can be expressed in a simpler form by
introducing the following transformation, the time step is split into two sub-steps. In the
ﬁrst half time step, the system of equations are solved for each row (radial direction)
of the grid points, while in the second half time steps the system of equations are
solved for each column (azimuth direction) of grid points. The ADI process for the
approximate solution of eqn. (6.43) (Carnahan et al., 1969, Moin, 2001) is:
(1¡Si2d 2q ) c(k+1=2)
¤
i; j = (1+S1 ¢
1
r2i
d 2r ) cki; j
(1¡Si1d 2r ) c(k+1)i; j = (1¡Si2 ¢
1
r2i
d 2q ) c
(k+1=2)¤
i; j (6.61)
in order to develop the numerical scheme eqn. (6.43) is transformed to the gird equation
as follows:
r-terms
The second term of RHS of eqn. (6.45) is subjected to ﬁnite difference method:
¢ ¢ ¢ = Dws
r2sx 2
¶
¶x
µ
x 2
¶Cw
¶x
¶
+ ¢ ¢ ¢
¢ ¢ ¢ = Dws
r2s
·
2
x
¶Cw
¶x
+
Vrrs
Dws
¶Cw
¶x
+
¶ 2Cw
¶x 2
¸
+ ¢ ¢ ¢ (6.62)
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collect the similar terms in eqn. (6.62):
¢ ¢ ¢ = Dws
r2s
h³2
x
+
rs
Dws
Vr
´¶dCw
¶x
+
¶ 2Cw
¶x 2
i
+ ¢ ¢ ¢ (6.63)
A central difference scheme is applied to eqn. (6.62):
¢ ¢ ¢= Dws
a2t
·µ
2
x
+
at
Dws
Vr
¶
ci+1¡ ci¡1
2Dx
+
ci+1¡2ci+ ci¡1
¶x 2
¸
+ ¢ ¢ ¢ (6.64)
Multiplying eqn. (6.64) by Dx
2x
Dx 2x
¢ ¢ ¢= Dws
a2t
1
Dx 2 ¢xi
h³
Dx + gvrxi+xi
´
ci+1¡2xci+
³
xi¡ gvrxi¡Dx
´
ci¡1
i
(6.65)
where gvr is deﬁned as:
gvr =
rsVr
2 ¢DwsDx (6.66)
q -terms
The same procedure applies in the q direction and the ﬁnal results reads:
¢ ¢ ¢= Dws
r2sDq 2
1
x 2i
h³
1+ cot(q j)
Dq
2
+ gvq
Dq
2
´
c j+1¡2ci
+
³
1¡ cot(q j)Dq2 ¡ gvq
Dq
2
´
c j¡1
i
(6.67)
where gvr is deﬁned as:
gvq =
Vq rsxi
Dws
(6.68)
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t-terms
The pseudo-convection terms results from coordinate transformation is given by:
¶Cw
¶ t
¡ xi
a2t
at
dat
dt
¢ dCw
dx
(c¤i; j¡ ci; j)
Dt
¡ xi
2a2t
da2t
dt
¢ ¶Cw
¶x
(6.69)
From eqn. (4.34) the vapor ﬂow across droplet surface is:
m˙v =¡2prsKL (6.70)
where KL deﬁned as
KL = rgShBmDg (6.71)
but m˙d =¡m˙v
4
3
prd
¶a3t
¶ t
=¡2pat ¢KL (6.72)
hence, rewrite eqn. (6.72) for ¶a
2
t
¶ t :
¶a2t
¶ t
=¡KL
rL
(6.73)
and substitute back into eqn. (6.69):
(c¤i; j¡ ci; j)
Dt
¡ x
2r2s
¢ ¡KL
rL
¢ ¶Cw
¶x
(6.74)
equations (6.65, 6.67 and 6.74) will be coupled according to ADI-scheme, eqn. (6.61),
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the ﬁrst half time step will be implicit in q direction and explecit in r direction:
(c¤i; j¡ ci; j)
Dt=2
=
x
2r2s
¢ ¡KL
rL
¢ c
¤
i; j+1¡ c¤i; j¡1
Dx
+
Dws
r2s
1
Dx 2 ¢xi
h³
Dx + gvrxi+xi
´
ci+1¡2xci+
³
xi¡ gvrxi¡Dx
´
ci¡1
i
+
Dws
r2sDq 2
1
x 2i
h³
1+ cot(q j)
Dq
2
+ gvq
Dq
2
´
c¤i; j+1¡2c¤i; j
+
³
1¡ cot(q j)Dq2 ¡ gvq
Dq
2
´
c¤i; j¡1
i
(6.75)
Multiplying eqn. (6.75) by x 2i ¢Dt=2 and collecting similar terms:
£¡mq ¡1+ cot(q)Dq2 + gvq Dq2 ¢+KKL¤c¤i; j+1 mrxh³Dx + atVr2DwsDxxi+xi´ci+1
+
¡
x 2i +2mq
¢
c¤i; j+ = ¡2xcih
¡mq
³
1¡ cot(q)Dq2 ¡ gvq Dq2
´
+KKL
i
c¤i; j¡1 +
³
xi¡ atVr2Dws ¢Dxxi¡Dx
´
ci¡1
i
(6.76)
where
mr =
Dws
a2t
Dt=2
Dx 2
mq =
Dws
a2t
Dt=2
Dq 2
KKL =
xDt=2KLx 2i
2a2t rL2Dx
(6.77)
explicit q , implicit r
Rewrite the ﬁrst term of RHS of eqn. (6.75) for r-direction
x
2r2s
¢ ¡KL
rd
¢ ci+1; j¡ ci+1; j
Dx
(6.78)
multiply eqn. (6.75) by x 2i ¢Dt=2 and collect similar terms:
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h
¡mrxi(xi+Dx + gVr2 )+KKL
i
ci+1; j
£¡mq ¡1+ cot(q)Dq2 + gvq Dq2 ¢¤c¤i; j+1h
x 2i +2mrx 2i
i
ci; j = +
¡
x 2i +2mq
¢
c¤i; j+h
¡mrxi(xi¡Dx ¡ gVr2 )¡KKL
i
ci¡1; j
h
¡mq
³
1¡ cot(q)Dq2 ¡ gvq Dq2
´i
c¤i; j¡1
(6.79)
Boundary conditions
The ﬁrst set of boundary conditions for q orientation at q = 0 q = p , the set of PDE
will be solved for a half of the domain. Boundary conditions will be applied for both
half-time steps i.e. implicit q -explicit r (q ¡ r step) and implicit r-explicit q (r¡ q
step). from eqn. (6.56) at q = 0, using central difference scheme
¶c
¶q
=
ci; j+1¡ ci; j¡1
2Dq
= 0
) ci; j+1 = ci; j¡1 (6.80)
Substituting eqn. (6.80) into eqn. (6.76):
(x 2i +2mq )c¤i; j¡2mqc¤i; j+1 = ¢ ¢ ¢ (6.81)
and substituting eqn. (6.80) into eqn. (6.79)
¢ ¢ ¢= (x 2i ¡2mq )ci; j+2mqci; j+1 (6.82)
For q = p eqn. (6.80) is substituted into eqn. (6.76) and eqn. (6.79), respectively:
2mqci; j¡1+(x 2i +2mq )c¤i; j = ¢ ¢ ¢ implicit q -explicit r (6.83)
¢ ¢ ¢=¡2mqci; j¡1+(x 2i ¡2mq )ci; j implicit r-explicit q (6.84)
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Two more boundary conditions are required in r-direction, the ﬁrst one at r = 0, eqn.
(6.49) is discretized using the central difference scheme:
¶cw
x
=
ci+1; j¡ ci¡1; j
2Dx
= 0
) ci+1; j = ci¡1; j (6.85)
eqn. (6.85) is substituted into eqn. (6.76) and eqn. (6.79), respectively:
¢ ¢ ¢= (x 2i ¡2x 2i )ci; j+2x 2i mrci+1; j implicit q -explicit r (6.86)
¡2mrx 2i ci¡1; j+(x 2i +2x 2i mr)ci; j = ¢ ¢ ¢ implicit r-explicit q (6.87)
The second boundary condition results from the mass balance at droplet surface, eqn.
(6.52). Applying central difference to eqn. (6.53) yields:
ci+1; j¡ ci¡1; j
2Dx
= ci; j ¢At(q)¡Gt(q)
) ci+1; j¡ ci¡1; j = 2Dx ¢ ci; j ¢At(q)¡2Dx ¢Gt(q) (6.88)
For the the case implicit q -explicit r, substitute eqn. (6.88) into eqn. (6.76)
¢ ¢ ¢ = ximr
³
x¡Dx ¡ gvr2
´
ci¡1; j
+ x 2i (1¡2mr)ci; j
+ ximr
³
x+Dx +
gvr
2
´
ci¡1; j
+ 2Dxi ¢xiAtmr
³
x+Dx +
gvr
2
´
ci¡1; j
¡ 2Dxi ¢ximr
³
x+Dx +
gvr
2
´
¢Gt (6.89)
rearrange eqn. (6.89) :
¢ ¢ ¢ = 2x 2i mrci¡1; j+x 2i (1¡2mr ¢KAt)ci; j
¡ 2Dxximr
³
x+Dx +
gVr
2
´
¢Gterm (6.90)
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where as for the case implicit r-explicit q , eqn. (6.88) is substituted into eqn. (6.79):
¡
h
mrxi(xi+Dx +
gvr
2
)¡KKL
i
c¤i¡1; j
¡ 2DxAt
h
mrxi(xiDx +
gvr
2
)¡KKL
i
c¤i; j
¡
h
mrxi(xi¡Dx ¡ gvr2 )+KKL
i
ci¡1; j
+ 2Dx
h
mrxi(xiDx +
gvr
2
)¡KKL
i
¢Gt
+ x 2i (1+2mr)c¤i; j = ¢ ¢ ¢ (6.91)
rearrange and collect similar terms:
¡mrx 2i ¢ c¤i¡1; j¡x 2i [1+2mr ¢KAt ]c¤i; j = 2Dx
h
mrxi(xiDx +
gvr
2
)¡KKL
i
¢Gt + ¢ ¢ ¢(6.92)
where KAt :
KAt = 1¡DxAt¡ Dx
2
x
At¡ Dxxi
gVr
2
(6.93)
6.3.6 Accuracy and error criterion
The ADI-scheme accuracy is second order in the spatial orientation and time coordi-
nate. The mass of solids is constant and a relative error of 1e¡6 is maintained:
err = abs
µ
Ms0¡Mst
Ms0
¶
¢100% / 1e¡6 (6.94)
6.4 Implementation for different boundary conditions
The solution of eqn. (6.45) applying the boundary conditions eqns. (6.56)-(6.47) will
be solved for by considering the diffusion terms, and neglecting the advection part. The
drying of droplets in the dynamic ﬁeld and acoustic ﬁeld will be presented. The model
predicts the drying rate as well as the solid distribution proﬁles of both components
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Figure 6.16: Flow diagram of the numerical scheme
and the solid concentration in radial direction and on the droplet surface i.e. azimuthal
direction is calculated at every time step. The modeled droplet is an aqueous solution
of Na2SO4 and water at 20% initial solids concentration.
6.4.1 Drying in a convective ﬂow
In spray drying the droplet is moving down against the heated air. A relative velocity
is assumed in the model which corresponds to the relative droplet velocity, and the
temperature and the relative humidity can be set to any desired value. As depicted in
ﬁg. 6.17, the normalized droplet surface is plotted versus time. Using the D2-Law,
the evaporation rate b is calculated from the slope of the line. The evaporation of
rate of multiphase droplet is lower compared to a pure liquid droplet of the same size.
Using eqn. (4.37), b = 4:459 ¢ 10¡3(mm2=s) , in terms of Peclet number (which is
a dimensionless mass transport number that characterizes the relative importance of
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diffusion and convection), is deﬁned as ratio of diffusive to convictive ﬂow. A small
Peclet number (Pe= 3:5), indicates the formation of full particle. The concentration of
solid component at the droplet surface is calculated form q = 0 to the rear stagnation
point q = p . Fig. 6.18-a shows the concentration proﬁle at various time steps. It
can clearly be seen that the highest concentration occurs at the front stagnation point,
and as time proceeds, the solid concentration builds up. The radial distribution of
the concentration is displayed in ﬁg. 6.18-b. In this ﬁgure, the proﬁles are plotted
at different time steps. It can be seen that the concentration of the solid component
increased as it get closer to the surface.
The average solid concentration is depicted in ﬁg. 6.17, andCs;ave is calculated at every
time step using the following equation:
Cs;ave =
1
Nr
r=RX
r=0
R 2p
0
R p
0 r
2 ¢Cs(q)sin(q)¶q¶fR 2p
0
R p
0 r
2 ¢ sin(q)¶q¶f
(6.95)
where Nr is the number of radial grid points.
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Figure 6.17: Normalized surface evolution of the droplet versus time, initial diameter = 1.0, Cs0 =
20%, the average solid concentration is calculated according to eqn. (6.95).
The radial concentration of the solid component is plotted in ﬁg. 6.18b, representing
the concentration gradient from the droplet center towards the surface. The calculation
presented in ﬁg. 6.18 shows the concentration proﬁles from t = 0 until t = 1, during
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Figure 6.18: Drying multiphase droplet of 20% initial concentration and diameter of 1.0 mm, Ambient
gas temperature is 25 °C, concentration proﬁles are plotted at different time steps, t .
the course of drying when almost the whole amount of the liquid is evaporated. The
crust formation starts actually when the critical concentration in the stagnation point
exceeds a critical value (saturation is reached), then concentration proﬁles over the
surface become irrelevant.
A two-dimensional visualization of the concentration proﬁles is shown in ﬁg. 6.19,
where the drying proﬁles of the solid material show that the solid concentration builds
up as the time proceeds. The air ﬂow hits the droplet from the bottom; hence, the con-
centration is maximum at the front stagnation point and decreases as we move toward
the rear stagnation point. The crust formation will start as soon as the surface concen-
tration of solid material exceeds the critical concentration. Ford (1996) suggested that
the formation of crust will start as soon as the ﬁrst crust layer is 3 times larger than crys-
tal size. In this 2-D model, the binary diffusion coefﬁcient of the electrolyte material is
set to a constant value of 9 ¢ 10¡10, (Buchwald and Kaps, 1999). Results presented in
ﬁg. 6.20 are from another simulation run that was performed at an ambient gas temper-
ature of 90 °C. Here, the evaporation rate is much faster that at an ambient temperature
of 25 °C, calculated Pecelt number Pe= 14:148. According to Vehring et al. (2007) at
larger Pecelt numbers the possibility of the formation of a hollow sphere is increased
due to the increased of the evaporation rate of the droplet surface when compared to
the convection inside the droplet.
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(a) (b)
(c) (d)
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Figure 6.19: Two-dimensional visualization of solid concentration over the droplet surface for a mul-
tiphase droplet of Na2SO4 aqueous droplet of 20% initial concentration, air velocity is 1 m/s and air
temperature Tg = 25 °C.
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(a) (b)
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Figure 6.20: Two-dimensional visualization of solid concentration over the droplet surface for a mul-
tiphase droplet of Na2SO4 aqueous droplet of 20% initial concentration, air velocity is 1 m/s and air
temperature Tg = 90 °C.
117
6. Drying of Single Droplets: Modelling
6.4.2 Drying in the acoustic ﬁeld
In the absence of air ﬂow, the evaporation is driven by the inner acoustic streaming
As displayed in ﬁg. 6.21, the crystallization occurs ﬁrst on the equator of the droplet
then propagates towards the poles, where the maximum evaporation rated is at p = 90
degree. Yarin et al., derived the transfer parameters Sh and Nu number for the inner
acoustic boundary layer. From his theory, it’s expected that the maximum evaporation
rate will occur near the equator of the droplet, this can be seen from ﬁg. 6.21. When
the transfer parameters eqn. (6.60), together with the boundary conditions, are imposed
into eqn. (6.45), the concentration proﬁle over the surface were calculated as displayed
in ﬁg. 6.22. The concentration proﬁles over droplet surface are plotted at different time
steps, and the maximum concentration is calculated to be the maximum at q = p=2,
which agrees with the experimental results obtained in ﬁg. 6.21.
As depicted in ﬁg. 6.22a, the normalized surface evolution of the droplet is calculated
in the ﬁrst drying period, i.e. constant rate period. The evaporation rate b = 2:49 ¢
1
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Figure 6.21: Crust formation of multiphase droplet, the evaporation here is driven by the acoustic
inner boundary layer, the droplet volume is 1 ml and SPL= 164:3.
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(c) Radial solid distribution.
Figure 6.22: Drying multiphase droplet of 20% initial concentration and diameter of 1.0 mm, Ambient
gas temperature is 25 , SPLe f f = 164:3. a) Normalized surface evolution of the droplet versus time,
The average solid concentration is calculated according to eqn. (6.95). b) Concentration proﬁles over
droplet surface from q = 0 to q = p and c) average radial concentration are plotted at different time
steps, t .
10¡3mm2=s, and Pecelt number of 2. The concentration proﬁles in the radial direction
are averaged over the surface at each radial shell, as depicted in ﬁg. 6.22c, having
made the assumption that no circulation is implemented, and the concentration of the
solid component as well as the liquid will accumulate at each time step. The solid
concentration will keep increasing. At the critical concentration the ﬁrst crust layer
forms. This denotes the end of the constant rate period, and the evaporation is now
driven by the acoustic boundary layer and the crust resistance to vapor diffusion.
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The drying model in the acoustic ﬁeld serves only as a test for the model assumptions
and parameters. The comparison with the experimental results obtained in the acoustic
levitator serves as a validation of the model. In spray drying apparatus, CFD models
are used to predict the whole drying process and the inﬂuence of each droplet on the
evaporation of the neighbors drops or even the coagulation and agglomeration of small
particles. Different models exist in the literature that attempt to simulate the 2-D or
3-D drying of bulk of droplets.
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Figure 6.23: Two-dimensional visualization of solid concentration over the droplet surface for a mul-
tiphase droplet of Na2SO4 aqueous droplet of 20% initial concentration. Air temperature Tg = 25 °C.
SPL is 162.5 dBe.
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Conclusions
The aim of this thesis was to investigate the drying of single multiphase droplets under
various process parameters. To accomplish this goal an experimental setup consisting
of an acoustic levitator and other auxiliary units were used, due to its ability to levitate
materials of different types, solids, liquids, multiphase droplets.
Experiments of pure liquid evaporation were performed to characterize the experimen-
tal setup and validate the existing models already published in the literature. Temporal
evolution of normalized droplet surface and evaporation rate extracted from the merid-
ian cross-section of the captured images during the droplet evaporation experiments
serves to prepare a calibration curve to operate the acoustic leviator and to study the
evaporation of droplets of pure liquids and compare them with the theoretical models
that describe the evaporation in the acoustic ﬁeld.
A comparison between evaporation in the acoustic levitator and another method called
"drop on pin" that was implemented to study the evaporation and drying of single
droplets reveals good agreement when the air velocity increased to the limit that de-
stroys the inner acoustic streaming and the evaporation becomes a convective driven
evaporation.
Next, the drying behavior of multiphase single droplets has been investigated. Using
an aqueous solution of sodium sulfate. Experiments were conducted by varying the gas
temperature, relative humidity and initial concentration of the solid content. Experi-
mental results show the inﬂuence of the SPL on the drying rate. In order to achieve
repeatable results, the applied acoustic force and the distance between the transducer
123
7. Conclusions
and reﬂector were the same for all experiments.
The temporal evolution of the normalized surface show that the drying of multiphase
droplets is divided into different drying stages; the constant rate period, when the diam-
eter is decreasing. A classicalD2-law is used to describe this period. The second period
is falling rate period; a shell is formed on the droplet surface and the diameter remains
constant. The images fail to provide any information about the drying rate. The rise of
the droplet in the acoustic ﬁeld is used then to extract the drying rate in this period, this
is a clear advantage of the acoustic levitator over other levitation techniques.
As the gas temperature is increased, the drying rate become higher and the constant
rate period is shortened. However the size of the grain at the end of the drying process
is identical. Higher relative humidities force the drying rate to become slower. Experi-
ments with sodium sulfate show that the length of the constant rate period is a function
of operating parameters and the initial concentration.
In addition, two other materials have been studied, skim milk and soya base. Both form
a suspension when mixed with water. Results of drying show that drying kinetics can
be estimated by a 1-D drying model, where the diffusion coefﬁcient is a function of
the solid material. The experiment in the acoustic levitator can be used to estimate the
diffusion coefﬁcient by ﬁtting the drying curve and the predicted drying curves.
The morphological structure of the dried particle was investigated by the SEM tech-
nique. Images of the internal cross section of skim milk particles reveals a full particle
formation at the end of the drying process. In the case of sodium sulfate, a crust is
forming on the surface and ends up being a hollow particle.
In addition to experimental investigations, numerical models for evaporation and drying
were developed, A classical D2- law is used to predict the evaporation of pure liquid
droplet. The validation of evaporation of pure liquids droplets when applying mass
and heat transfer parameters developed by Yarin et al. reveals good agreement between
theory and experiment when the ventilation of the outer acoustic streaming was applied.
A modiﬁed perfect mixing model to predict the drying rate and the crust thickness of
the dried particles is presented. This model accounts for the crust resistance to the evap-
oration of the liquid. As the second drying stage begins, the crust thickness increases,
the ﬁnal crust thickness being dependent on the process parameters and mainly on the
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initial solid content.
A 2-D model was developed to describe the crust formation just before the end of the
constant rate period when the solid concentration accumulates on the surface. The
model assume a uniform diffusion coefﬁcient in both orientation and solves for the
concentration proﬁles along the radial and azimuthal directions.
Experimental results show that the crust initiates from the front stagnation point and
propagate to the opposite pole. The crust will start to grow as soon as the mechanical
stability is enough to hold. Crust formation depends on the ﬂow direction of the drying
gas. Experiments also provided an interesting validation of Yarin model that states that
the inner acoustic streaming will lead to crust formation near the equator, as predicted
by the mass and heat transfer model.
In summary, the acoustic levitator serves as suitable experimental set up for studying
the drying kinetics of a single droplets. The possibility to vary process conditions helps
to mimic the spray drying and to provide data for validation and development of new
mathematical models.
Further development is suggested to improve the experimental setup in order to reach
higher temperatures without harming the piezoceramic transducer. The coupling with
drop-on-demand systems will enable to study the micro-encapsulation which arises as
an important application in pharmaceutical or detergent industry.
Improving the 2-D mathematical model to account for the internal circulation in multi-
phase droplets is beneﬁcial to improve the understanding of particle formation at vari-
ous process parameters.
The predication of droplets morphological changes during the drying process for dif-
ferent operational parameters will help to improve a new design concepts for an en-
gineered particle production, which enable to tailor the dried particles properties i.e.
density, porosity, solubility and shape.
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Appendix A
Property Data
Latent heat of vaporaisation
Latent heat of vaporisation Lv [kJ/kg] for water is calculated by :
Lv = ¡ 1:82631 ¢10¡10 ¢T (K)5+3:36188 ¢10¡7 ¢T (K)4
¡ 2:61892 ¢10¡4 ¢T (K)3+1:03636 ¢10¡1 ¢T (K)2
¡ 2:27549 ¢T (K)+4727:58
Saturation pressure
Vapor pressure for water and other liquids will be calculated using Antoine equation
(Reid et al. 1987):
P¤ = 133:0 ¢ exp
µ
A¡ B
C+T (K)
¶
[Pa]
physical property material A B C
Vapor pressure
P¤
Water 18.3036 3816.44 -46.13
Ethanol 18.9119 3803.98 -41.68
Methanol 18.5875 3626.55 -34.29
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A. Property Data
physical property material used correlation
Density, [kg/m3] Water r = ¡2:59286 ¢ 10¡9 ¢ T (K)5 + 3:848926 ¢ 10¡6 ¢
T (K)4 ¡ 2:24256 ¢ 10¡3 ¢ T (K)3 + 6:34677 ¢ 10¡1 ¢
T (K)2¡86:2753 ¢T (K)+5431:3
Ethanol r = ¡1:40223 ¢ 10¡5 ¢ T (K)3 + 1:23254 ¢ 10¡2 ¢
T (K)2¡4:44571 ¢T (K)+1:38634e03
Methanol r = ¡1:94786 ¢ 10¡5 ¢ T (K)3 + 1:85736 ¢ 10¡2 ¢
T (K)2¡6:82465 ¢T (K)+1687:39
Liquid heat capac-
ity, [kJ/kg.K]
Water Cp = 8:08081 ¢ 10¡8 ¢ T (K)3 ¡ 6:95948 ¢ 10¡5 ¢
T (K)2+1:9734 ¢10¡2 ¢T (K)+2:34527
Ethanol Cp = 1:57289 ¢ 10¡7 ¢ T (K)3 ¡ 1:2474 ¢ 10¡4 ¢
T (K)2+4:34267 ¢10¡2 ¢T (K)¡3¡3:54314
Methanol Cp = 1:43333 ¢ 10¡5 ¢ T (K)2 ¡ 2:66697 ¢ 10¡3 ¢
T (K)+2:04506
Diffusion coefﬁ-
cient, [m2/s]
Water D = 0:1237565348 ¢10¡3 ¢ T (K)1:75P(pa)
Ethanol D = 5:8516 ¢10¡5 ¢ T (K)1:75P(pa)
Methanol D = 18:102 ¢10¡6 ¢ T (K)2P(pa)
Solid materials properties
Material properties for solid materials at 25 °C. (Wijlhuizen et al., 1979), (DETHERM
Dechema)
material density heat capacity heat conductivity
[kg/m3] [kJ/kg/K] [w/m/K]
Na2SO4 2680 3.5-4.2 0.6
Skim milk 1520 3.854 0.21
Soyabase 1165 3.354 0.25
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